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ABSTRACT 

The differential cross sections for the 

elastic scatterizly of L+, x--. K+. K-, p itnd F on pro- 

tons have been measured in the t interval -0.04 

to -O-.75 GeV2 at five momenta: 50, 70, 100, 140, 

and 175 GeV/c.The t distributions'have been para- 

meterized by tp quadratic emtial form dg/dt = 

* ,Wl + cl4 and the energy dependence has been 

~described in terms of a single-pole Regge model.. 

The pp and K+p diffraction peaks are found to shrink 

witha' SO.20 awlMi.15 respectively. The pp dif- 

fraction peak is antishiinking while zfp and K-p are 

relatively energy independent. Total elastic cross 

sections are calculated by integrating the differen- 

tial cross sections. The rapid decline i$,eel ob- 

served at low energies has stopped and all 6 reac- 

tions approach relatively constant values of gel. 

The ratio of gel/smT. approaches a cons&at value for 

all 6 reactions by 100 GeV , consistent with the pre- 

dictions of the Geometric Scaling Nypothesis. This 

ratio is 'bO.18 for pp and pp, and SO.12 - 0.14 for z*p 

and tip. A crossover is observed between K+p and 
‘2 

K-p scattering atltl%O.lS GeV , and between pp and 

Ep atltl%O.ll GeV’. Inversion of the cross sections 

into impact paramctcr space shows that protons are 

quite transparent to mesons even in head on collisions. 



-3- 

The probability for a meson to pass through a pro- 

ton head on without interacting inelastically is 

% 2Ot while it is only ?I 6t for an incident proton 

ot antiproton. Finally, the results axe compared 

with various quark model predictions. 

. 
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I. INTRODUCTION 

An experiment has been performed at Fermilab to measure 

the .fbward scattering of r', I(', and pi by proton‘s using a 

single arm spectrometer. This experiment required the,design, 

layout and -commissioning of both the medium intensity high 

resolution M6E be,ti in the Meson Laboratory hrea, and the Sin- 

gle.Ann Spectrometer Facility. These efforts spanned the 

earliest days of installation.of experimental equipment at 

Fermilab and covered the period from January 1972 to April 1974. 

To test and calibrate the focussing spectrometer and 

to make an initial physics contribution, the first experiment 

was designed,to measure elastic and inelhstic scattez%ng for 

the six stable 'hadrons on both hydrogen and deuterium targets. 

The incident momenta studied were 50, 70, 100, l;O, and 175 GeV/c. 

The range in invariant <our momenta transfer TV covered -0.04 to 

-0.75 GeV2 and the range in the Feynman x-variable Spanned 

1.0 2 x 2 0.70. Thi data were taken.during the periad from 

April 1974 to February 1975. A number of short papers ls3 have 

_ been published reporting on aspects of this work and additional I 

papers are in preparation concerning an impact parameter analysis 

of the elastik results and inelastic~channels‘in the triple-Regge 

region and the tesoziance region. In this paper, a description of 

the apparatus and experimental procedures (Sections II, III) and 

discussions of the data analysis (Section IV) and systematic er- 

rors (Section V) && presented together with the final results for 
. 
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elastic scattering on hydrogen (Section VI). In Section VII, 

the results are compared with other measurements of elastic 

scattering in this energy region. A general discussion of 

elastic scattering is given (Section VIII) in terms of Regge- 

Pole, optical model, and quark model concepts. 

If. APPARATUS 

The experimental technique‘was 1) to measure the momentum 

and &gle of the incident particle with hodoscopes in the beam 

and to tag it as a pion, kaon, or nucleon with the beam line 

Cerenkov counters; 21 to measure the momentum and angle of the 

forward scattered particle and tag it as a pion, kaon, or nu- 

clean using the multiwire proportional chambers and Cerenkov. 

counters of the spectrometer. From this information the total 

invariant mass squared of all unobserved final state particles 

was calculated and used to distinguish elastic.from inelasti: 

event8. A functional description of the,beam and spectrometer 

systems pertinent to the elastic scattering measurements is 

given below. A detailed technical desciiption of the facility 

will be published separately. 

A. B~+US Optics 

M6 is one of six secondary beams derived from the Meson 

Laboratory production target. The beam mcmentum can be varied . 

from 20 to 200 GeV/c, and the production angle with respect to 

the extracted proton beam from the accelerator is 2.65 mrad in 

the laboratory system. The beryllium production target had a 
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square CIOSS section 1.5 mm on the side and was 20.3 cm long. 

There are three independent stages of the M6E beam with 

two intermediate foci before the final focus at the experi- 

mental target: a collection stage, in which the solid angle 

and mmentum bite are established; a 'filtering' stage which 
; 

suppresses beam halo from the first stage cokmtors and 

production target; and a recombination =tage which $roduces 

the final achromatic image. Each 150 m long stage is config- 

ured as a point-to-parallel-to-point imaging system with the 

main bend aegnets located in the parallel.region to maximize 

the mamentum dispersion. The lens systems are quadrupole doub- 

lets configured to maximk?e the transmiss~onthroligh the 10 cn 

wide bk 5 an high aperture ?f the bend magn+p. A field lens 

at ear31 intermediate focus serves to maintain the momentum 

band transmission from stage to stage. 

The momentum acceptance is adjustable by means of a ~olli- 

mator up to a maximum o; + 0.69. The angular acceptance can be 

varied over a range of l 0.56 mrad in horizontal angle end *O-76 

mrad in vertical angle. Figure 1 presents a diagram of the 

first stage of the b&m line and except for the initial septum 

magnets serves to illustrate the optics of any stage. 

Figure 2 shows several ray traces through the beam line 

to further illustrate the optics. In Fig. ?a. the two basics 

rays in the vertical plane are shown , one starting at the origin 

with maximal divergence and one starting at-the extremum object 

position with zero dive+rgence. Next. in Fis. 2b. the same two 

rays are ahown in the horizontal plane along with the mom+um 
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ray which starts with zero divergence at the origin but 

with the maximum momentum deviation passed by the beam aper- 

tures . Finally, in Fig. Zc, the beam envelope is shown in 

both planes using'generalised elliptical phase space for 

the combination of the 'production target emittance and the 

'beam transmission. 

The relative numbers of pions, kaons, and nucleons ob- 

served at the hydrogen target are given in Table I. The par- 

ticle mix is seen to vary strongly as a function of the energy 

and polarity of the M6 beam. Yields were typic-lly lo7 for 

2 x 1012 300 GeV/c protons i&dent on the Meson Laboratory 

production target for positive beam and were as low as a few 

times lo6 for the negative polarities. 

8. Beam Instrumentation 

The third (recombination) beam stage is fully instrumented 

to provide trajectory.. particle type, and.momentum information 

for each incident particle. .Figure 3 shows a layout of the 

third stage and indicate8 the position and nature of the datec- 

. tars . At,the second focus, the beam is angle recombined but 

still highly momentum dispersed. With respect to the production 

target, the design parameters at this focus are: vertical magni- 

fication - 2.15, horizontal magnification = 1.58, and dispersion 

- 4.4 cm/t (horizontal). Therefore, with a 1.5 m production 

target, the 2.4 mm bin size of the mbmentum hodoscope at the 

second focus provides an 11115 resolution in momentum of f0.02t. 

Downstream cf the final beam line quadrupole magnets, in the 
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drift space before the experimental target, two sets of hori- 
. 

zontal and vertical (x-y) hodoscopes located 16.9 m apart deter- 

mine the incident particle trajectory. The design rms resolution 

of~this system in terms of the beam coordinates at the third focus 

is * 0.4 mm and l 0.06 in&d in both planes. 

Three gas Cerenkov counters , also situ&ed in the third 

helm stage, were used for particle identification. An extended 

~parallel region provides a suitable location for the operation of 
I 

the differential counter4, which was normally pressurized to respond 

to nucleons. The DISC counter', which was usually pressuri?.ed to 

respond to kaons, is located at the end of the parallel region, 

after the recombination dipoles, where the beam is also achromatic. 

A threshold counter6 was used to identify pions. At 100 GeV/c 

for example, the three counters provided particle identification 

signals which were > 98t efficient with rejeitions exceeding one 

part in 10'. 

C. Spectrometer Optics 

Since the spectrometer is' situated at 0' to the M6E beam 

-line and cannot pivot to vary the scattering angle, it can be 

considered essentially as the'fourth stage of the beam line. 

From this perspective, the spectrometer is a Doint-to-parallel- 

to-point beam transport stage using quadrupole triplet lens SyS- 

tems and instrumented for full determination of particle type, 

trajectory and momentum. Five 'main-r'ing" bend magnets disperse 

the scattered flux in the horizontal plane according to momentum. 

The total momentum acceptance of the spectrometer is f3t and the 

total angular acceptance is 7 yster. The acceptance was uniform 

over 22 l/Zt in momentum and 4.5 uster in solid angle. - 



Figure 4 shows several ray traces through the spectrometer 

analogous to the beam information in Fig. 2. However, the beam 

envelope is derived from a rectangular initial phase space 

distribution instead of the elliptical case appropriate to the 

beam. At 25 m from the object point (hydrogen target), the ver- 

tical magnification ray passes through zero so that the displace- 

ment is proportional to the initial divergence (scattering angle) 

only, witha'coeffLcient of 1 cm per mrad. Further back at 115 m, 

the horisonthl focus has a magnification of 1.8 and a dispersion 

of 3.7 cm/\ so that~a 2 mm bin size here along with a 1 mm de- 

.tennination of the incident beam position at the.third focus pro- 

vides a design rat momentum resolution of'f0.038. 

D. Spectrometer Instrumentation 

fnformation about the trajectory and mo!%?nt*uz of r=~tt=z22 

particles is provided by ten multiwire proportional chambers 

L(MWPCs) located at four places along the spectrometer as indicated 

ia Fig. 5. In addition, there is a scintillator hodoscope situa- 

ted in the focal plane of the front lens system providing redundant 

information on the vertical divergence angle. Four remotely ad- 

justable jaw counters at this position can be used to establish 

the horizontal and vertical angular acceptances of the spectrometer 

separately: 

Three threshold Cerenkov counters' and a differential Cerenkov 

counter4 serve to identify scattered particles as pions, kaons, 

or nucleons. The differential counter was normally pressurized to 

respond to nucleons, and it was equipped vith an anticoincidence 

mirror which gave a signal for pions and kaons with an efficiency 
_- 
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vhich depended on the momentum. For momenta less than 150 GeV/c, 

the longest threshold counter was set for pions and the two 

Shorter counters were set to respond to both kaons and pions. 

A kaon event triggered two of the counters while a pion event 

triggered all three, providing the signature. At higher momenta, 

vhere the efficiency of the long threshold counter for pions is 

significantly less than 1000 at kaon threshold, the kaon effi- 

ciency of the differential counter anti-signal becomes very high 

So that all three threshold counters were set for pions to regain 

the requisite high detection efficiency. Good -ejection ratios. 

(>lO') were realized for the kaon signal at all energies using 

these techniques. 

. 

The arrays of Cerenkov counters in both the beam line and 

the spectrometer provided complete tagging of particle type on 

an event-by-event basis for the incident and outgoing particles 

Separately. In principle, data on nine different reactions could 

be taken simultaneously. For elastic scattering, data on the 

three elastic processes were taken simultaneously. 

E. Scattering Angle Magnet System 

.The angle between the incident beam and the spectrometer 

was varied by magnetic deflection of the incident beam. A system 

of three main-ring bending magnets7.10cated just upstream of the 

hydrogen target was used to pitch the incident beam in the vertical 

plane aa shown in Fig. 6. The magnet'Spacing is arranged so the 

beam alvays crosses the O" axis at the center of the hydrogen 

target. Since the incident beam is pitched in the vertical plane 
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and the momentum analysis of the scattered particles is in the 

horizontal plane, there is no coupling between scattering angle 

and momentum resolution. The last two magnets are supported by 

remotely adjustable jack stands , which keep them centered on the 

heam axis as the angle is varied. The vertical position of the 

trigger counter and the x-y hodcscope located between the last 

twc pitching magnets is also remotely adjustable, while the li- 

quid hydrogen target simply pivots about its center to track 

beam angle variations. 

Eaoh of the three magnets in the system was measured wjth 

a long flip coil and vith an t?MR probe so that the magnetic 

lengths and excitation curves are known to an accuracy of *O-l%. 

,The pitching magnets are connected in series along with a 3-foot 

long monitor magnet of similar construction. Stability and 

repeatability of the angle settings were continuously mnits:red 

vith magnetic field probes located in this monitor magnet. Similar 

3-foot magnets were placed in series*with the main bend chains 

in the beam and the spectrometer to monitor the momentum settings. 

Scattering measurements at an angle + were made symmetrically 

using the pitching magnets to'deflect the beam both up--(-e) and 

dam--(++) in order to eliminate the systematic effect of any 

.-small offset between the beam and the spectrometer. (See Fig. 6). 

Therefore, the t scale is determined only by the fields in the 

pitching magnets and is independent of the alignment of the beam 

~relative to the spectrometer. 

For A 8catteriag event, the angle change is determined by 
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combining the pitching angle of the beam with the incident and 

outgoing divergence angles as measured by the beam line hodo- 

scopes and the spectrometer wire chambers. Neglecting the 

mall divergence angles, -t is proportional to the square of 

the integrated field strength Of the pitching tignets times the 

ratio of the outgoing to the incident nomen&m for elastic k&e- 

MACS. The estimated total uncertainty in the magnetic lengths 

of 0.258 thus leads to a fixed fractional systematic uncertainty 

in t of 0.5t. 

P. Calibrations 

The fact that the incident beam can be directed down the 

spectrometer at O" greatly facilitated calibration of the spec- 

trometer. By varying the appropriate beam or spectrometer 

parameters, the optical properties were measured directly. For 

example, the momentum dispersion coefficient at the spectrometer 

focus was~determined by varying the current in the spectrometer 

magnets with a small, 0.054 momentumspread in the incident beam. 

Absolute momentum calibration of fO.lt was provided by the index- 

of-refraction change between pion and proton Cerenkov light at 

a fixed angle in the DISC counter. A laser interferometer in 

the counter provided a continuous determination of the index of 

refraction as the pressure was changed. The total momentum reso- 

lution was given directly by the difference between the beam and 

spectrometer momentum measurement *t O". The total angular reso- 

lution was measured at the same time. The resolutions of the M6E- 

epectrometer system in t, and missing mass squared are shown in 

Table II. The resolution actually realized is poorer 
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than the design resolution because of the effect of multiple scat- 

tering, power supply ripple, and magnetic field irregularities. 

Xeasurements of the'solid angle could also be 

made directly by,using the scattering-angle pitching magnet sys- 

tem. For the vertical angle hodoscope in the focal plane of the 

front lens system, varying the incident angle at the hydrogen 

target causes the beam image to move acr&s the counters, giving 

a direct measurement df the angle dispersion there. In actual 

practice, the transmission through, the jaw counters at the same 

location proved a more efficient diagnostic. If the final beam 

line lens system is turned off , the beam incident to the spec- 

trometer is parallel and is brought to a sharp focus on the plane 

of the jaw counters. Varying the incident angle with the pitch- 

ing magnets causes the image to sweep across the jaw counters; 

the F&in of such a transmission curve in terms of incident angle 

gave a dcrect determination of the angular dispersion. An example 

of this procedure is given in Fig. 7. 

By operating the spectrometer at 0' at the same momentum as 

the beam, it was possible to measure the performance of the Cerenkov 

counters, vithout the need to repeat the pressure curves. By mak- 

ing use of the particle-identification redundancy present when the 

two sets of counters, beam and spectrometer, were illuminated with 

the same particle flux, the efficiency and rejection ratio for each 

counter were determined. Such O" calibration runs were frequently 

taken during the course of the elastic measurements, not only to 

check the Cerenkov counter performance, but to monitor the spectrometer 

optics and efficiency and to verify the system momentum resolution. 
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A model of the spectrometer was set up using the measured pro- 

perties of the magnets and then codified according to the beam 

optics computer program TRANSPORT. 8 Since the direct measure- 

ments of various optics coefficients agreed with the.values from 

this model to better than 2%, all cross section results have been 

obtained using parameters of the model. All: calculations were 

carried out to second order. The horizontal and vertical planes 

were not coupled except through momentum. The ray-trace and beam- 

envelope graphs shown in Figs. 2 and 4 are first order calculations 

based on TRARSPOP? models for the optics.. 

G. The Online System 

A PDPll/4S computer with the SPEX multi-tasking system' was 

.used for tha data collection. The associated hardware included 

ctorage type CRT display, two disk memories, magnetic.tape and 

DECtape units, an electrostatic printer/plotter, and 2SK of core 

-ry. SPFX loaded the programs from the disk in response to 

internal and external conditions. Sgveral .tasks' could be run 

at once with SPEX handling their communication and synchronization. 

The online system was used to record events and running oon- 

ditions, perform a simple data analysis including a cross-section 

calculation, and monitor the equipment. It also'aided in setting 

high voltages and timing delays for the hodoscopes.and MWPCs, checking 

beam optics and steering, and doing other setup and checkout 

chores. Conditions set up at the beginning of each run included the 

target (hydrogen, deuterium; or empty) and central values for 

the spectrometer angle, spectrometer momentum, and beam momentum. 
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At the start of each run the magnetic field strength in the 

beam, spectrometer, and angle varying bend magnets, the Cerenkov 

pressures and temperatures , and the position of most movables 

6uch as the target, soma counters, and the pitching magnets, 

were read into the computer. These and the online system para- 

maters were printed and vritten on magnetic 'tape. Following 

a system reset of the electronics, the computer was switched to 

the event acquisition mode. An event consisted of 50 to 70 16- 

bit words read via CAMAC and the wire chamber interface. Typical 

runs included SK %o 65K events. Tape speed and mffer size 

l-ted the data taking to about 200 events 0; 14K words per 

accelerator spill. 

The computer decoded both beam and spectrometer event data 

(sea Section III) and created tables of hodoscope and MWPC ef- 

f iciincies, counts of avents passing various cuts, counts of parti- 

ale-and reaction types; beam profiles at each detector, pulse 

.hefght spectxa. and other diagnostic'aids. Simultaneously, the 

-evants, exactly as read, were vritten to a magnetic tape for the 

offline analysis. . For selected spectrometer events, particle tra- 

jectories were reconstructed using first and second.,order TRANSPORT 

-matrices. Events ware then binned by scattering &gle and momentum 

loss for the cross-section calculation done at the end of the run. 

Various phase-space projection Pistograms were also created. It vas 

~porsible to display any histogram on a CRT or make a permanent copy 

'at any time during the run. At the end of a run the diagnostic and 

aurpmary tables with the final scaler readings, various counting- 

zata ratios of interest, &am spot size and focus location, 
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the kinematic running conditions, and plots of all the 

histograms were printed out. During the run a scanning digital 

voltmeter was used periodically to read the counter high voltages 

and the online system compared these readings to a table of stan- 

dards, signaling any errors. 

7%. Target System 

Six targets were available for this experiment: 25 cm and 

50 cm long liquid hydrogen targets, 25 cm and 50 cm liquid deuterium 

targets, and 25 cm and 50 cm durmsy (evacuated) cells. All targets - 

were l* diameter elylat tubes with hemispherical Mylar endcaps. 

The wall thickness was 5 mils, and the endcap thickness was 3 * 

mils. All six cells were housed in a single aluminum scattering 

chamber which was under vacuum, with 7.5 mil Mylar entrance and 

exit windows. Superinsulation was wrapped around each cell. The 

liquid hydrogen was produced and maintained by a closed-lOOF 

refrigeration system which used cold helium gas as the refrigtirant. 

In normal operation, the liquid hydrogen was at atmospheric pres- 

sure. A vapor pressure gauge monitored the target density. Dur- 

ing the experiment, target operation was stable and no boiling 

or icing was observed. The pipes between the hydrogen reservoir 

and the target cell ware inclined at So to the horizontal so that 

the cells vould~stay full as they were tilted to track the scat- 

tering angle. 

The target assembly could ba moved remotely to position the 

desired target on the beam line. Target scans verified the align- * 

ment of the cells with the beam. Since the cells were much larger 

than the beam spot, the alignment was not critical. 



I. Recoil Particle Detection 

Two hodoscopesIC located below the target were used to 

measure the s coordinate '(position along the target length) 

and azimuthal angle of the'recoiling proton. These hodoscopes 

only intercepted the recoii proton from elastic scatters when 

the incident beam was pitched down. Their uSe in the elastic ex- 

par.'.ment on hydrogen is discussed in Section IV., The hodo- 

Scopes play a central role in the analysis of data taken 01% 

the deuterium target. 

III. RUN PLAN AND DATA TAKING 

2bne spectrometer vertical angular acceptance of il.5 audd 

necessitated several incident angle settings to cover the t 

interval from -0.04 to -0.75 GeV'. The spectrometer momentum ac- 

ceptance of *2:5%'contained the elastic peak and the inelastic 

Spectrum out past the resonance region. Only the excitation of 

the angle pitching magnets had to be altered to vary the scatter- 

ing angle, with the spectrometer magnet currents and Cerenkov 

counter pressures being held constant. 

Central angle settings of 3.5 to 17.0 auad were required 

to.cover the t interval of interest at SO GeV/c. At 175 GeV/c, 

settings of 2.5 ,ta 4.0 mrad were required. Central settings were 

Spaced by 1.5 read --one half of-the spectrometer acceptance-- 

to provide a consistency check in adjacent runs. Cerenkov counter 

.deployment varied slightly with incident energy to exploit the 

strengths of the various counters. 

The basic data acquisition jcle was: 
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1) Empty target: +J 

2) Full target: +& 

3) Full taxget: -2. 

4) Empty target: -0 

Data taking was influenced by the total flux and composition 

(particle mix) of the beam at each energy. When ~2 x 1012 

300 GeV/c protons were incident on the mason production target, 

several million secondaries scattered into the M6 beam. A rate 

of approximately 2.2 x lo6 particles/pulse was found to be opti- 

mal from +. e point of view of pileup effects, aad typically the 

collimators were adjusted to reduce the flux to this level. At 

low t values, where the eveat rate was so high that data acqui- 

sition was computer dead-time limited, electronic suppression 

(countdown) circuits were used ia the beam trigger to reduce 

the tpaaber of triggers on abundant particles (x+, p or ~'1 so as 

to enrich the number of *%inority particle (XC+. K-, s) initiated 

events. 

At 140 and 175 GeV/c, it was necessary to go to very small 

angles (1.5 to 2.5 auad) to achieve low t values: Special proce- 

dures were necessary to reduce backgrounds from the unscattered 

beam vhicb was then just at the edge of the spectrometer acceptance. 

noat of the beam was vetoed by four scintillation .jav. counters 

vhi& were positioned to form a precise rectangular acceptance 

at the.spectrometer angle focus. Finally, to protect the wire 

dmmbers from the high rates of the unscattered beam, a steel 

scraper block was placed downstream of the jaw counters. The 
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relative placement of the scraper and the jaw counters, shown 

in Fig. 9, was such-that the aperture was always defined by 

scintillator and never by steel.. 

In addition to triggering on scattered events (.spectro- 

meter events"), the system*was also triggered on a sample of 

the i&dent particle flux unbiased by the requirement of scat- 

tering into the spectrometer. This sample of %-ear0 events" was 

used to compute'corrections to the scaled incident flux for the 

effect of any selection requirements which were applied to the 

incident particle of a scattering event. It also allow-d a 

detenaination of beam hodoscope and Cere..nov efficiencies, and 

a measurement of the position, size, and angular divergence of 

the beam. 

IV. DATA AlGLySIS 

A. Multiple Analyses 

Many preliminary studies, both online and offline, were 

necessary to understand fully, the properties of the apparatus. 

From these studies the best algorithms for geometric reconstruc- 

tion of the avents and for particle identification were chosen. 

Finally, three different and independent cross section calculations 

vere undertaken by three different subgroups of the collaboration. 

ha main differences aswng the calculations rel,ated to the criteria 

for selecting events for inclusion in the cross sections and to 

the details of the aoceptance calculations. The comparison Of 

the results provided a valuable measure of the possible biases and 

errors ~associated with the various cuts and selection criteria. 
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The averaging procedure by which the results were combined is 

discussed below. 

R. Event'Reconstruction 

The three beam-line Cerenkov counters were used to classify 

the incident particle as a pion, kaon; or nucleon. The four 

spectrometer Cerenkov counters were used to classify the scat- 

tered particle type. The momentum, ang1.s. 'end position of the 

Incident particle at the hydrogen target were calculated from the 

beam-line hodoscope data. The trajectory of the scattered par- 

ticle at L&e back of the spectrometer was determined from the 

WiFC information. This trajectory was traced backward through 

the magnets of the spectrometer , using the known transfer matrix 

to obtain the momentum, angles , and position of the scattered 

particle at the hydrogen taryet. The measurement of the scattered 

swmentum was improved by constraining the scattered trajectory 

to agree vith the horizontal coordinate of the incident particle 

at the hydrogen target. 

A good track in an Ml?FC was defined as a single cluster of 

adjacent struck wires (no missing wires within the cluster) with 

fewer than some maximum number of wires (typically -3). Individual 

chamber efficiencies ranged from 95 to 99%. Ailthough only 75% of 

all events had good tracks in all 10 MWPCs, it was not necessary - - 

for every chamber to have a good track in order to completely re- 

construct the trajectory. Extensive s&dies were carried out to 

determine the configurations of chambers with good tracks which 

allow complete reconstruction wihtout degrading the overall mo- 

mentum or angular resolution. The resulting reconstruction effi- 
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ciency was %97\ and was uniform over the aperture of the spectro- 

meter. 

A good track in a beam hodoscope was defined as a single 

hit or two adjacent hits. Although, strictly speaking, a good 

track'in each of the five hodoscopes was necessary to completely 

determine the incident particle trajectory, only the momentum 

hodoscope and the target x-hodoscope were absolutely essential 

to the measurement of the missing mass with high resolution. 

The other three hodoscopes were involved in angle measurements 

andprovi.': very small corrections to the t scale. These correc- 

.tions could be included on an event-by-event basis or in an aver- 

aye way for the whole run. The event-by-event approach was used 

in two analyses and tbe average correction approach, which accepted 

about 208 more events, was used in the third. 

Because of the rf structure of the beam, roughly 10% of the 

th two particles came down the M6 beam line essentially simul- 

taneously and produced two tracks inethe beam hodoscopes. All 

such events were considered to fail beam reconstruction and the 

calculated cross sections were corrected accordingly. 

C. Calculation of Uncorrected Cross Sections 

From the coordinates of the incident and scattered particles, 

the missing mass squared and scattering angle were calculated for 

each event. Events were then subjected to various selection re- 

quirements and entered into histograms which formed 

the basis of the cross section calculation. The selection criteria 

were : 
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1) successful reconstruction of the incident and scattered 

trajectory. 

ii) identification of the event as an elastic scatter. The 

incident particle had to be unambiyuously identified as 

a pion, kaon, or nucleon; the missing mass squared had to 

satisfy a cut for elastic scatteringl Once an event had 

satisfied this missing mass cut, the identity of the 

incident particle alone was sufficient to classify the 

type of elastic scattering (2, X, p) because ?ther pro-! 

cesses which could produce a signal in the elastic peak 

are heavily suppressed by dynar.Lcs. The identification 

of the scattered particle provided by the spectrometer 

Cerenkov counters was available as a redundant check on 

the elastic nature of the evirnt. 

iii) satisfaction of geometric acceptance cuts. Geometric 

acceptance cuts were placed on the horizontal and vertical 

scattering angles. + 
For z , 6, and p, these cuts restricted 

the events to the uniform-acceptance region of .tbe spec- 

trometer. More generous cuts were applied to K+, K-, and p. 

and the acceptance was calculated by a procedure described 

beloW. 

For a given reaction the yield Y(ii,&g) into the ith histo- 

gram bin of solid anyle 011 centeieh on angle 0, was related to. 

the cros$ section dq/dg(2i) at the center of the bin as follows: 

Y,($*PQ), - p*NA,.I,*B'c 

vhere 
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2 - density of liquid hydrogen taryet at atmospheric pressure 

i - length of. hydrogen target 

NA 
I Avoyadro's number 

B = total flux for this incident particle type 

5 = fraction of flux surviving incident particle selection 

requirements, determined from the beam event sample 

CAkS = spectrometer Yransmission" for t?is particle type. 

This was reduced from 1 due to absorption of the 

incident and scattered flux by the material of the 

tc:~'get, absorption of scattered flux by the material 

of the spectrometer, and decays. 

fs - spectrometer reconstruction efficiency 

k = spectrometer Cerenkov efficiency for identifying this 

particle type. 

tact = average acceptance correction (defined below1 

(&2 - corrections for bin size and angular resolution effects 

and for the finite sine and divergence of the incident 

beam. 

en = totaLnominal solid angle of bin 

The cross section was converted to its invariant form de/dt 

at the point -t= (P~&P)~/(~ + ~P~~,&~/ZM~) by multiplying do/d2 

.by the Jacobian ~(pinclPinc-ltl/2Mpb)). (Mp is the proton rest 

mass). 

The correction factor CREs was of~the order of 101 and was 

accurate to at least 5t of its value. Its calculation is described 

elsevhere;ll For abundant particles, 2+i z-, and p, only events 
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falling within the uniform acceptance region of the spectrometer 

were accepted, so that sacc - 1.0. For minority particles, K+, 

K-, and 5. an extended acceptance region was used. The average 

acceptance for minority particles was determined by comparing 

the ratio of a majority particle (2' or z-) yield, Yu, within 

the uniform acceptance region to the yield Yext for the same 

particle in the extended acceptance region: 

pacc 
%l 

'r 
- u(uniform) 

ext Ag(extended) 

In .&is manner, pions were used to measure the edges of the 

acceptance. 

D. Run Combination 

The empty target and full target cross sections were calculrtec? 

separately and then subtracted. The +k and -2 runs nearly always 

had comparable statistical accuracy and were averaged with equal 

weights to remove the effects of small angle offsets between the. 

beam and spectrometer to first order. More sophisticated averaging 

procedures which eliminated higher order effects of offsets did 

aot significantly change tbe,results. 

E. Combination of Results from Different Analyses 

Detailed comparisons of the results bf the three different 

analyses showed them to be reasonably consistent.The typical level 

of agreement was lt on slope parameters and 2t on absolute normal- 

iration. The results were averaged together with equal weights. 

Care was taken to include in the error calculation the fact that 

the results were drawn from the same data and did not represent 



independent measurements. 

F. Final 'Corrections to Cross Sections 

Several correctionshad to be applied to the raw yields 

and fluxes to convert them to absolutely normalized hadronic 

cross sections. The data'for these corrections were measured 

online by taking special runs. ~The measurethis were greatly 

farilitated by the fact that with the angle pitching magnets 

turned off, the beam passed.directly into the spectrometer. 

The beam could be swept'across the spectrometer in the verti- 

cal plane by varying the pitching magnet excitation, and its po- 

,Sition at the entrance of the spectrometer could be varied using 

the beam-line vernier magnets. 

1. Detector Efficiencies 

a. Spectrometer reconstruction efficiencv: The tracking 

algorithms successfully reconstructed 97 *lt‘,f the scattered 

events. The efficiency was constant over the uniform acceptance 

par? of the aperture. 

b. Particle identification: The complete tagging of both 

the incident'and scattered particle type with a total of 7 Cerenkov 

counters reduced to a negligible level errors in the elastic yields 

due to misidentification of particles. The efficiency of particle 

identification for the scattered particle was always greater tha? 

97t and was known to a few tenths of a percent from O" runs. 

Particle misidentification was measured by comparing the beam 

and spectrometer identifications on O" runs, and was negligible 

except at 100 GeV/c. For the 100 GeV/c running, the beam differ- 
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ential Cerenkov counter had not yet been installed. The beam 

identification for protons was by default--all beam particles not 

labelled as pions ?r kaons were considered protons. Under these 

circumstances, SO-St of the pions were labelled as protons. Again, 

the proton identification in the spectrometer was sufficiently 

powerful to eli.minate mislabelling of scattered events, and the 

only problem was associated with countirg the.incident flux. For 

the.worst case, the error in the 5 flux at 100 GeV/c was '115%. 

Data from frequent O" runs were used to correct p or 'p fluxes, 

resulting Ln final errors in the flux of less than lt. 

2. Dead Time, Acoidentals, and Rate Corrections 

A fastgating system assured that all the electronics, in- 

eluding the flux scalers, was gated synchronously to avoid any 

deadtime corrections. The rates in the spectrometer were always low, 

(<20,000 events/pulse) compared to the capabilities of the detec- 

tars. r;e primary accidental effects were associated with the 

oounting of the beam flux. 

The rf sturcture of the beam eliminated cofiventional dead 

time losses, leaving pileup effects as the only rate dependent 

problem. The time resoiution of the trigger counters was insuf- 

ficient to resolve individual'particles within a single rf bucket 

aad this produced an error in counting the incident particle flux. 

Althouyh the particles within a bucket could not be separated in 

time, they could be detected by the appearance of two tracks in 

the beam-line hodosccpes. The efficiency for detecting two par- 

t'icles in a bucket was %97t. At rates of 1.5 to 2.6 x lo6 parti- 

cles/pulse, typically lot of the rf buckets contained more than 
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one particle. The residual error in counting the beam flux 

was less than 0.3%. 

Checks were made for additional rate and deadtiiae effects 

e by taking a series of runs at rates of 1.2, and 3 x lo6 parti- 

cles/pulse. Cross sections calculated from-these runs were 

consistent at the 18 level of statistical ac'curacy. 

3. Absorption and Decay Corrections 

Yields were reduced by absorption of the incident flux 

in the material of the final beam trigger counter and the hydro- 

gen target. and of the scattered flux in the target and in the 

material of the spectrometer. For pions and kaons, there was 

also a loss of events due to decays. The survival rate between 

the final beam trigger counter and the end of the spectrometer 

for .eacb particle'type was measured directiy by passing the beam 

into the spectrometer in O" runs. These runs vere taken with 

the hydrogen target cell in place, with the dummy target cell in 

place, and with no cell at all in the beam. The transmission 

numbers obtained were consistent with calculations based on the 

material present, using the known absorption cross sections 12 , 

and the lifetimes of the particles. The spectrometer transmission 

vithout the target in place was typically 90-951 and varied with 

the particle. type and the momentum. 

4. Contamination of Incident Pion Flux by Leptons 

Incident pions were tagged with a threshold counter which 

was also sensitive to electrons (positrons) and muons. The muon 

flux near the target was determined in special runs by measuring 

-- 
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the transmission of tagged 'pions ' through 10 feet of steel. The 

electron flux was measured with a shower counter during O" runs. 

Typically, the beam contained 1 2 0.25t muon8 and 1 l O.Z5t electrons. 

5. Contamination of Elastic Yields by Inelastic Events 

The tissing mass squared (MM') resolutions are given in Table 

II. These should be compared with the gap of 0.28 GeV ' in MM2 be- 

tween the elas,tic peak and inelastic threshold. The prominent 

diffractively produced resonances neat 1650 HeV/c2 and the non- 

diffractively produced A(12361 are separated by several standard 

deviations from tile elastic peak and therefore Lo not contaminate. 

the elastic signal. Only final states produced very near inelastic 

threshold have any possibility of producing background under the 

elastic peak. 

Several approaches were used to determine the inelastic con- 

tamination: 

1) The resolution.function of the apparatix in MM2 was deter- 

mined from O" runs. This resolution'function was normaliied to 

the low tissifig mass side of the peak from a large statistics . 

6cattered run. A small excess on the high missing mass side was 

observed and was interpreted as inelastic background (see Fig. 9). 

This procedure was carried out at several angles to extract the 

t-dependence. 
. 

2) An attempt was made to extrapolate the observed low mass 

inelastic spectrum down below the elast$c peak. This procedure 

was Satisfactory &cause the background was negligible at.50 GeV/c 



due to the relatively good missing mass squared resolution. The 

175 GeV/c resolution function was folded into the SO GeV/c inel-, 

astic spectrum to see what additional contamination was introduced 

by the poorer KM‘ renolution at the higher energy. 
I 

3) For part of the'running , a hodoscope which measured the 

azimuthal engle of the recoiling proton was located beneath the 

target. The additional requirement of coplanarity between the 

fast (spectrometer) particle and the recoiling proton eliminated 

most of the remaining inelastic events in the vicinity of the 

elastic peak. 

All%ree procedures indicated an inelastic contamination of 

less than lt at low t(tbO.1 GeV')ayd a 3-4t contamination at 

-ts -017 Ge?. The percent contamination did not seem to be a 

strong function of particle type. 

6. Corrections for Electromasnetic E'ffects 

Corrections were made for Coulomb scattering and radiative 

effects. 

a. Coulomb scattering: The 10~ t points were just at the edge 

of the Coulomb interference region. The correction was calculated 
'13 from the formula due to Bethe , with the phase of the Coulomb 

amplitude as calculated by Yennie and West.'I The dipole form 

factor 

G(t) = 1 

(1 + lt(/0.71,3 
(3) 

was used to describe the charge distributions for all particles- 

The three pieces of information required for the computation are 
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the total cross sections, the ratio of the real to imaginary 

parts of the forward elastic amplitudes and the elastic slope. 

The total cross sections were taken from the measurements of 

Carroll & &.l'; the real-to-imaginary-part ratios were taken 

from Reefs. 1.8 to 20, and the forward slopes from the uncorrected 

results of this experiment. These corrections were never more 

than 3t so that errors of -101 in any of the input quantities 

are insignificant. 

b. Radiative corrections: The calculat;on for loss of events 

from the Plastic peak due to radiation of photons has been per- 

formed by Sogard.16 In this experiment, the correction is sig- 

nificant only for pions: it increases from zero at t = 0 to 2.7t 

at t = -0.8 GeV2 for the missing mass squared cuts used in the 

analysis. 

7. Double Scattering Corrections 

A particle which has scattered once may scatter a second time 

before in leaves the hydrogen target. The angular distribution 

of double scatters is different from the distribution of single 

scatters. In particular, two small angle scatters may simulate 

a large angle scatter, thereby artificially increasing the cross 

m&ion at large t. Corrections for this effect were made by 

analytic calculation and by Monte Carlo simulation. The effect 

is appreciable for reactions with very steep forward slopes, such 

as proton and antiproton scattering and uas -lot for protons at 

t s-o.7 Gev2. 

Table III s&ws the size of the Coulomb, radiative, double 



- 31 - 

.scattering, and inelastic background corrections at two selected 

energies -- 70 and 175 GeV/c -- and at three t values. 

V. DISCUSSION OF SYSTEMATIC UNCERTAINTIES 

Systematic uncertainties in the absolute normalization were 

mainly due to imprecise knowledge of the spectrometer solid an- 

gle (f2t) and uncertainties in the spectrometer transmission and 

reconstruction efficiency .(*lt). Uncertainties in the electron 

and muon contamination, the absolute momentum calibration, the 

horizontal-angle alignment of the beam and spectrometer, and ac- 

cidental corrections contributed all together l-ss than 19. An 
'_ 

overall normalization uncertainty of *3t has'been assigned to the 

results to account for these effects. 

Systematic errors in the t scale arose from uncertainties 

in the magnetic length of the angle pitching magnet system and 

residual misalignments of the beam and spectrometer~ares. An 

overall uncertainty of -1.59 was assigned to the t scale. The 

implications of this 1.5t uncertainty are: 

1) linear slope parameters of the differential cross sections 

have a 1.5t systematic uncertainty. 

ii) individual cross section points have fractional errors 

of B(t)&t, where at is the absolute uncertainty in t and 

B(t) is the local logarithmic derivative. At -t = 0.7 GeV2 

for B(-0.7) I, 6 to 8 GeV -2 , the error is 6 to 8t. 

Point-to-point systematic errors were negligible due to 

the excellent uniformity of the geometric-reconstruction efficiency. 

Measurements of the same t values in different parts of the aperture 
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. 

generally agreed within statistical accuracy. 

An error in setting the field of the angle pitching magnets 

could shift the t scale and cause errors in the cross section. 

Adjacent kinematic settings overlapped by %l.S mrad [l/2 the spec- 

trometer acceptance), providing a very sensitive.check against / 

such errors. 

systematic errors arising from uncertainties in the correc- 

ti0ns.t.o the data discussed above are less than 2t even at large 

t values. 

VI. RESULTS 

The results consist of ,angular distributions for z+, z-, 

kr K , p and 5 elastic scattering on protons~ at 5 momenta: 

50,70,,100, 140, and 175 GeV/c. Fully corrected data points for 

the 30 angular distributions are listed in Table IV and are dis- 

played in Fig. 10. Only statistical uncertainties are given. 

In~ order to produce tabulations of reasonable size, the cross 

sections have been binned on.a t grid which is coarser than the 

t resolution of the apparatus. (Detailed studies of the cross 

sections on a finer grid indicate that no structure is lost because 

of this binning). The smooth curves in Fig. 10 were obtained 

from the fits described below. 

A. Parameterization of the Data 

Pits of the form dz/dt = Ae PltlKlt12 (quadratic exponential) 

vere found to give a good representation of the data over the 

whole t range. This form was proposed on theoretical grounds by 

Van Rove.” Parameters obtained from the fits are presented in 
. 
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Table V. Only statistical uncertainties on the data points have 

been included in the fits. 

The 'slope parameter' or logarithmic derivative, B(t), is 
. . 

defined as 

B(t) - d/dltlLn dg7dt.E B+ZCjtl (4) 

The value of B(--2). as calculated from the 'fit, is also shown. 

The fits presented have the optical theorem prediction in- 

cluded as a data point with *3t uncertainty. This is done to 

help reduce the strong correlation between the A,B,.and C paraJ 

meters. The results do not change appreciably if the uxertaihty 

.I6 reduced to 2t or 12, or if the optical point is entirely ex- 

cluded from the fit. 

The optical theorem prediction (CJTp) is listed for each 

raactfon ir. Table V. These values have been computed using re- 
' 1s cent Fermilab total cross section measurements , with the small 

effect of the real part included. The ratio of the real to ima- 

,ginary pert for proton-proton, scattering has been measured by 

the USA-USSR collaboration at Fermilab.1* For the other reactions, 

-theoretical calculationsl' based on dispersion relations have 

been used. All these values agree :ell with the preliminary 

results of Fermilab experiment 69.20 . 

The I2 probability and the number of degrees of freedom are 

‘.given in the last two coluams of Table V; Table VI gives 

:the full error matrix for each fit. 

The possibility of other parameterirations, such as piece- 

wise fits with simple exponentials is discussed below. 
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The systematic uncertainties, discussed above, frequently 

dominate the statistical uncertainties given in Table V, espe- 

'cially for protons and pions. The syptematic errors are: f3t on 

the absolute normalization, *l-St on B and BC-b.21, and f3t on C. 

To check that the slope parameters are not influenced by the 

systematic errors which come in at large t, kits were also done 

using only the data at ItI c 0.4 GeV2. -he slope parameters 

obtained are consistent with the ones from the fits to the full . 

t range. 

. Figure 11 shows the ratio of the A parameters (obtained 

from fits which did not include the optical points) to the opti- 

cal point for all 30 fits.. These plots show that the.absolute 

normalization is consistent with the optical theorem predictions 

within the stated systematic and statistical errors. 

B. Total Elastic Cross Sections 

Tab?.? Vii presents the total elastic cross SeCtiOnS zel, 

as calculated for each reaction from’the fits of Table V 

according to the formula: 

0.8 
%' 

f 

.B Id+ Cl'ldltl 
(5) 

0. 

Contributions from ItI W.8 GeV3 are less than 0.5t since the 

elastic Cross section has fallen by more than two orders of 

magnitude from its value at t - 0. The result is, however, sensi- 

.tive to the extrapolation of the measured cross section to 

t - 0. Typically, 151-201 of=* -8 from this extra- 

polation at the low energies (50 and 70 GeV) and 3St-451 _ 
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at the higher energies. The use of the optical theorem point 

as a constraint in the fitting procedure helps to reduce er- 

rors from this source. Systematic uncertainties of *2t were 

added in quadrature with‘the statistical errors to account 

for uncertainties in the overall normalization, errors in 

the‘extrapolation to t = 0, and the effect of contributions 

from large t-values. 

.Table VII also includes values of the total cross sections, aTOT, 

obtained from Ref. 15, the total inelastic cross sectionqinel = 

SOT - gel, and the ratio of the total elastic to the total.cross 

section. For the purposes of the uncertainty.calculation, errors 

of 0.5t have been assigned to the total cross sections. 

VII. COMPARISON OF RESULTS WITR OTHER EXPERIMENTS' 

In this section, the results are compared with the results 

from eyperiments at nearbv energies. The rel:tion between these 

results and data at loiier energies (~40 GeV/c) and higher energies 

(ISR) is discussed later in the context of the energy dependence 

of elastic scattering. 

*Figure 12 shows the ratio of these results on x-p, R-p, 
21 and p: scattering to the fits of Antipov e &. , at 40 

GeV/c. Figure 13 comparesz-p'at 50 GeV/c to the measurement 

of Derevchekov et al. 22 The only significant disagreement -- 
seems to be with Derevchekov at -t z0.3GeV2. The agreement 

with Antipov in this region is good. 

Pigure.14 compares proton data witn the small -t(-t ',0;15 

GeV2) measurements of the Fermilab USA-USSR collaboration. 23 

In general, our slopes at small t are typically 2 to 3t lower than 
-- 
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the USA-USSR slopes.and 5t lower at SO GeV/c. This may ref.lect 

the 1.5t SyStemtiC errors in our data, the 0.15 GeVe2 energy ._ 
independent systematic error of their experiment or it may re- 

flect the different t-ranges covered by the two experiments. 

Finally, Fig. 15 shows data from fermilab experiment 7 24 , plotted 

relative to the fits of this experiment. 

VIII. DISCUSSION 

A. t Dependence 

The cross sections are quite well described by the quadra- 

tic exponential form over the whole range from -0.04 to -0.80 GeV'. 

No dips are observed within the limits of the t resolution. The 

C parameters of 42 GeVD4 imply a linear change in slope of 2C&t 

or about 1.6 GeV -' from -t = 0.1 to -t = 0.5. Experiments. on p-p 

elastic scattering at ISR2' suggest that this change in ,slope 

does not occur linearly but occurs abruptly inthe neighborhood 

of -t.= 0.15 Ge $. The existence of such a 'break' had been 

.proposed prior to this by Carrigan. 26 Table VIII shows the re- 

sults of simple exponential fits to data in the two intervals 

0.37 c -t < 0.13 GeV2, and 0.16 < -t< 0.50 GeV2 for pp and=+p. 

These fits are consistent with the break hypothesis. The success 

Of the two parameterirations indicates that the data lack the sta- 

tistical precision to distinguish between them. It is estimated 

that at least one million events in a t interval from -0.04 to 

-0.25 GeV2 would be required to resolve this matter. A recent, 

high statistics experiment27 in the 10 to 14 GeV/c range has also 

observed structure ia the lowt.cross sections for the other chan- 

nels. Rare precise experiments are clearly required. 
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8. Energy Dependence of the B and C Parameters 

Figure 16 shows the energy dependence of the B and C 

parameters28 from 10 GeV,to the highest energies available. 

Detailed comparisons are difficult because the various experi- 

ments cover different t ranges , use different fitting procedures, 

aud treat systematic errors in different ways. The B and C 

parameters are also highly correlated by the fits. In spite 

of these problems, the following conclusions emerge. 

1) pp and K'p elastic scattering show Pronouuced 'shrinkage' 

of the B parameter. 

ii) The B parameters for 2-p , ap, and IC-p.show little 

energy dependence above 10 GeV. 

iii) Above 10 GeV, a C parameter of approximately 2 GeV'I 

f,s required by the fit in all reactions. A c pzramcter of 2 

Implies a strongly curved Pn dc/dt. 'If.one extrapolated 

the low t cross section ItI c 0.1 to ItI = 0.8, one would 

be iucorrect by a factor of ?4. 

The fact that the logarithmic derivative varies in t (be- 

cause C + 0) as well as in s , means that one must use data taken 

in the same t range to study the 8 dependence. 

The slope parameters at -t = 0.2 GeV2 are plotted in Fig. 17 

against 6. These parameters are less sensitive to the fitting 

interval than B or C individually and the effect of the correla- 

tion between B and C is reduced. There is less energy dependence 

at -t m 0.2 GeV2 than at t = 0 and the protons seem to achieve 

by 175 G&/o a value 'which is close to that observed across the 

r 



If small-t,elastic scattering is dominated at high energies 

by a single effective Regge pole, then the cross section has 

the form 
2.3 (tl-2 dfi/dt = F(t) (s/so1 - (6) 

where o(t) is the trajectory, of the moving pole and so is a scale 

factor, here taken as 188 GeV2, corresponding to an incident 

energy of 100 GeV. P(t) is ta ken to have a quadratic exponential 

Bso ItI+ C,, ItI2 
F(t)=A e 0 

SO 
(7) 

Table IX& shows the results of fits $0 this form for all five 

energies. No energy dependent systematic errors are included. . 

- .j8- 

whole ISR range. B(-0.2) for the antiprotons seems to be con- 

verging toward the value for the protons but may be levelling 

off at a slightly largervalue. 

C. Parameterisation of the 8 Dependence by a 

Single Regge Pole Rode1 

To see the effects of energy dependent systematic errors, a separate 

fit of the logarithmic slope at-t = 0.2 GeV2 to the form 

'B(t),= Be(t) + 22'(t) Ln s/so (81, 

is presented in Table IXb. An estimated energy dependent systematic 

error of lt is added in quadrature to the statistical errors on 

B(-0.2). The errors on the slope parameter 0' increase by a factor 

of 2 due to systematic errors for E+ , z-, and p but do not change 

appreciably for the minority particles k, X , and p. 

These results confirm the qualitative observations that the 
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pp and K+p continue to shrink at these energies. The rate of 

shrinkage p', which is c 0.2 GeV -2 for both reactions is less 

than the value 2' ;2: 0.5GeV 
-229 

obtained from similar fits to 

the low energy data. For gp, it is clear that the rapid anti- 

shrinkage observed at lower energies is also slowing down., 

pp and K+p slopes have similar energy dependences. Duality 

arguments suggest that pp and X+p , which have exotic s-channel 

quantum numbers,, will achieve asymptotic behavior -- i.e., become 

dominated by the Pomeron pole -- at lower energies than the other 

four reactions. To check this idea, the proton 'ata at each t 

iral,e have been fit to the single P.egge pole cross section. The 

resulting trajectory is plotted in Fig. 18 and is indeed compatible 

with a straight line. The best fit straight line is: 

=(+I = (0.98 * 0.01) - (0.22 t 0.03,ltl (91 

This is quite close to the form usually favored for the Pomeron. 

Obviously, the statist+cal accuracy is insufficient to rule out 

other functional forms for=(t). 

A major obstacle in the study of the Pomeron has been the 

difficulty of extracting its exchange amplitude from the data. 

Unlike amplitudes associated with quantum number exchange which 

can be characterized by a power law behavior in s, vacuum exchanges 

have a very complicated energy dependence. A simple interpretation 

of the vacuum exchange is that it receives contributions from the 

Pomeron Regge pole with an intercept of ~1 and the f Regge pole 

with an intercept of -l/2. In an effort to isolate the Pomeron 

sxchange amplitude, Quigg and Rabinovici3' have studied the following 

-4 
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linear combinations of elastic scattering amplitudes S: 

S(R+p) + S(R-PI-l/2 S@+P) + S(I-k') (10) 
which in the quark atode1 corresponds to the $ p elastic scattering 

sa@litude S(i p). An idea.Uy mixed f trajectory does not couple 

to the strange quarks in the 6 so that only Pomeron exchange con- 

tributes to this amplitude. By use of the optical theorem, one 

has 

%vyfl&'4 P) =gT,,(X+p) +IT,,(X-~I-112 
[ 
gTGTAhQ+p) + zTGTRL(_n-pt 

This cross section is found to he a ~linearly rising function of 

Ens from an incident momentum of 6 GeV/c to 200 GeV/c. Following ., ., 
their example, Fig. lgshows the quark &de1 prediction for the 

W2*p elastic cross section dg/dt("yp): 

$fV$ p-1 =.&+p) + &K-P)-l/2 $y+p)+d$(;-p) 
c 1 (12) 

constructed from the cross sections pf Table XV. These cross 

sections have been fitted with quadratic exponentials together 

with the optical point calculated from the X&p, z'p total cross 

sections. A 3% uncertainty was assigned to the optical point. 

Tba results of these fits are given in Table X together with 

tbelogarithmic slope at t - -0.2 GeV’. This logarithmic slope _ 

is plotted in Fig.20 as a function of energy and shows clear 

indications of shrinkage. The solid line corresponds to a Po- 

meron trajectory with a slope of 0' = 0.2 GeV -2, consistent with 

that found inpp and R’p scattering. 
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D-Elastic Scattering Crossoyers2 

Although high energy elastic scattering is dominated by 

diffraction, or in t-channel language, by Pomeron exchange,, 

amplitudes with quantum-number exchange can be isolated by 

careful comparison of closely related reactions. In par- 

ticular, the particle-antiparticle elastic cross sections 

differ from one another because of interference between 

C - +l and C - -1 exchange amplitudes, 

d.s/dt(x'p) - IF+ 5 F-1" (13) 

where the P* amplitudes correspond to C = fl exchange. Since 

,tie diffractive ampli+de with C = +l dominates, the quantity 

A- d -a+ 

ken- + n+,7 
l/T (141 

where=' z dg/dt(x'p), isolates to a good approximation that 

part of F- with the 8ar.e phase and spin state as the C o +1 

amplitude (mainly imaginary non flip). 31 For up and pp scat- 

tering the C = -1 amplitude is thought to,be dominated by 

nonflip z exchange.31 At momenta ','lO GeV/c, this amplitude 

changes sign near -t - 0.2 GeV2 , resulting in the crossover 

effect where the differential cross sections for particle and 

antiparticle scattering are equal. 
32.33 

The momentum trans- 

fer tc at which this occurs~can be related to a typical in- 

teraction‘radius in impact parameter space for the peripheral 

C = -1 amplitude. 34 

The qrossovers were calculated from the fits of Table V . . 

Figure 21 shows the results of the RTD and Pip fits. In each 
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case a crossover is~ found consistent with -tC in therange 

0.1 to 0.2 GeV', and the values of t, obtained from the fits 

are plotted in Fig.22 as a function of laboratory momentum. 

For Rp schttering the crossover points are consistent with 

those found at lower energies, 22.22 with the average being 

% - 0.19 f 0.04 GeV2 where the error includes both statis- 

tical and systematic uncertainties. The nucleon values aver- 

age to +c - 0.11 2 0.02 GeV', definitely lower than the value 

0.162 * 0.004 GsV' reported 32 near 5 GeV/c. 

The energy dependence 0f.a for p'p scatteripq has been studied 

whg the form 
Q(t)-1 a(t) = cws (15) 

where o(t) is the effective Regge trajectory. Using the fits -~ 

fro% Tele V, together with the 10.4-GeV results, 33 

I 
both evaluated at t = -0.4GeV' 

I 
, yieldsrI-0.4.) z 0.27 l 0.07. 

This can bs compared with the value=(-0.4) = 0.14 found 35 for 

~--p+ z'n, for which only C = -1 exchange is ailowed in the t- 

channel. 

The shape ofA resembles that of the Bessel function 

Jo (R+t) , suggesting that the C = -1. amplitude is strongly 

abtoibed with most of the contribution coming from the peri- 

phery of the kteraction region. 34. Equating the crossover 

point wi'tb the first zero of the Bessel function J,(R-j-t) 

gives a typical interaction radius for the source of the 

C - -1 amplitude in impact parameter space, 

R- - 0.475+tc fern& (16) 
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for tC in GeV’. This is compared in TableXI with a typical 

radius for the C = +l amplitude derived from the forward lo- 

garithmic slope B of the quantity 

,g- l/2 
1 

&I dt (X-P) + $$ (X4P3 . (17) 

Using the black disc approAimation, B = R:/4. or for,B ir. GeV '2 

R+ - 0.395jB fermi. (18) 

With these definitions R-/R+ = 1 to within about 10% for both 

Kp and pp from I'to 100 GeV. 

E. Total Elastic Cross Section 

The energy dependence of the total elastic cross scztion, 

zel, is shown for the 6'reaction+n Fig. 23. In all cases, ccl 

falls away rapidly in energy (consistent with power law behavior) 

but then levels off at high energy and becomes nearly constant. 

The rapid fall at low energy is consistent with the crude Regge 

pole estimate gel I, 8 -2q'I<t>l where <t> is the average value of t. 36 

The levelling off is associated with the fact that both the 'Po- 

meron ' slope Q' and <t> are decreasing. The declining con- 

tribution of the elastic channel to the total cross section con- 

trasts with the rising value of the total inelastic cross section 

for all particles except i. The cancellation of these two effects 

in the low energy region is responsible for the apparently flat 

behavior of the total cross section. Once the total elastic contri- 

'bution stops declining the increase in the total cross section 

due to inelastic contributions becomes manifest. 

F. Geometric Scaling 

The hypothesis of Geometric Scaling (G-S) was introduced3'038 
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to correlate various results from A elastic scattering and total 

cross section measurements at ISR energies. It may be stated 

in terms of the elastic scattering amplitude A(s,b) - 
,216(b) Ml 

i , 

in impact parameter space (where s(b) is the elastic phase shift): 

A(s,b) - A(b/R(s)) (19) 

and R(s) is a range parameter containing all the energy dependence. 

From this property, it follows that the total cross section, &I,, 

the total elastic cross section gel, and the forward elastic' 

slops parameter B all depend on energy in the same way. Specifi- 

cally ael/gTGT and W'$GT are independent of energy. Furthermore. 

the quantity l/g&,Ld9;dt plotted against gT,+t is predicted to 

be independent of energy. 

Table VII lists the ratio of bel/$GT for the reactions mea- 

sured in this experiment. Figure 24 shows these results plotted 

together with results from other experiments above a few GeV. Two 

important observations are i) all hadrons are not alike. ~el/~,,Tis ~0.18 

for pp and i;p scattering but is only,%O.13 for kaons and pions: 

ii) each of the six elastic channels reaches a constant value of 

zel/zTm by 100 GeV. Especially impressive is the fact that the 

value 0.18 for pp scattering is observed from 100 GeV to ISR 

energies (equivalent to a lab energy of 1480 GeV). 

The most convincing test of G-S within this experiment comes 

in K+p scattering where the total cross section is already increas- 

ing (by %6%1 across'this energy range. dgure 25 presents a 'dif- 

ferential' test of G-S. The &moth curves are calculated from the 

fits to the 70 G&/o results. The points are the 175 GeV/c cross 
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section values scaled by the ratio 
I~ 

gT,(70)/gToT(175 
3 

2 and 

plotted against the scaled t value, t*~TGT(175)/~TGT(70). The 

175 and 70 GeV/c total cross sections are in the ratio of 1.06 

for X+p and 1.01 for pp. Because the total cross sections 

change so little the scaling does pot have a great effect. 

Nevertheless, the scaling seems to work reasonably well for K+p 

bu* fails for pp. This is consistent with the observations 

based on the ratio gel/sTGT that G-S is not satisfied for pp 

below 100 GeV/c. 

Figure 26 compares the results for protons at 175 SeV/c 

with ISR results3' at lab equivalent energies of 290 and 1480 

WV. The ISR results are scaled to 175 GeV/c. The tpo ISR 

results scale between themselves quite well. The scaling with the 175 

GM/c results of this experiment is good to 25% at low t and 

%15% eat -t > 0.2 Gev2. The departures from scaling are not 

significant in view of the large normslir.ation uncertainties 

on the ISR data. 

The results of this experiment suggest, but do not prove, 

that G-S is a general property of hadron elastic scattering at 

high energies. Since only a limited range of energies is covered, 

it is st4.11 possible that G-S predictions are satisfied 'acci- 

dentally' and will fail at even higher energies. To establish 

conclusively this scaling law, it will be necessary to make 

measur-ts at even higher energies where the total cross section 

has already increased significantly. Precise measurement oi . 

K+p scattering.at the highest energies available in secondary 

beams at Fermilab would be especially important. 
- 
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If G-S is confirmed, it will provide an important guideline 

for model development. For example, conventional Regge models 

with poles do not exhibit G-S behavior. 

G. Impact Parameter Representation 

The differential elas'tic scattering cross sections given 

in Table IV have been numerically transforme'd into impact para- 

meter space 40: . 
$75 

Im he1 (s,b) =& so v&i J,k$-t$-t d&t) (20) 

and corrected.for ~large t contributions. The error in this 

correction is 2% for small impact parameter values and negligible 

for b > 0.2 fermi. The error due to the contribution of the 

real part of the elastic scatterinq amplitude .is not very model 

dependent and can be shown to be k3%." Under the assumption 

that the elastic scattering amplitude is ma& imaginary, then 

its Bessel transform, Im h,,(s,b), satisfies in impact parameter 

space a unitarity equation of the form: 

Im helke,b) = l/41he+7,b)12 + Ginel(s,b) 

(21) 

% l/4/- hsl(s,b)12 + Ginal - 

where Ginel(s,b) is defined by its relation to,ginel as follows: 

he1 - = / 
Ginel(s,b)db2. 

The left hand side can be identified with the total cross section 

in b space (d2_oJ$b2) and the right hand side is the sum of the 

elastic (d2_oel/+b*) and inelastic (dzinel z. ; db2) cross sections, 
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,Therefore the knowledge of Im he1 (s,b) permits the calculation 

of the total and inelastic cross sections in impact parameter 

*pace. 
* Figure 27 shows the Im hel(s,b) distribution for the Six 

reactions at incoming momenta of 50 GeV/c and 175 GeV/c. Figure 

28 shows a plot of 1x11 hel(s,b=O) as a function of PLAB for all 

the reactions discussed in this paper. It can be seen that all 

the reactionsare consistent with having very little change as 
. 

a functioc of energy except for p'p. However a straightforward 

ju&catioc of GeXbstric Scaling is 

Im hel(s,b=O) = const (22) 

for all s. Therefore the previous statement that pp is incon- 

sistent with Geometric Scaling for pLAB< 100 GeV also follows 

from the decrease of Im hel(s,b=O), while for s > 200 GeV*; it 

stays constant (even through the ISR region]?. Figure 25 is a plot 

of Ginel(s,biO) as a function of s, that is the absorption pro- 

bability for a head on collision. Fpr a comparison, also shown- 

are the results of a similar calculation done for pp with ISR 

data and a pm = 24 GeV/c experiment, 41 Thus a baryon has a 

*6% probability~ of colliding head on with a proton without any 

absorption, while this probability is %18% for pions and *25% 
. 

for kaons. AS one can see, mesons, as seen by protons, are very 

trsnsparer$ objects. 

P$nue 30 shows the rlW interaction distance for the 

total and inelastic cross sections, defined by 
b max 1 l/2 

(d2$/db21bdb (231 

where i - total or inelastic, and bmarm'i.6 fermi. With the 

exception of K-p and ip, Ri is consistent with being an increasing 
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function of s for s >140 GeV2. 

It has been shown above that even in this energy range the 

differential elastic cross sections of Kfp and pip show the 

crossover phenomenon, which is assumed to be due to .the inter- 

ference between nonflip w exchange and Pomeron exchange. The 

f exchange contribution to K-p and pp can be: seen in impact para- 

meter space12 by looking at the distribution 

bxp(s,b) L Im hzlp (s,b) - Im h~)[s,bl (24-l 

where x = K,p. Those distributions are shown in Fig, 

31 for Kp and pp respectively at pLRB = 50 GeV/- and pLAB = 175 GeV/c. 

It can bs seen that those distributions are peripheral and that 

the w exchange contribution decreases very fast wi,th energy, in 

particular in Ep (this is expected from the energy dependence of 

regular Regge trajectories). 

ii; Ratio of Total Tlastic to Total Cross Section 

The six elastic scattering reactions are characterized by 

different values of R = ~el/~ToT- In particular, the distinction 

between meson-nucleon channels with R = 0.13 to 0.14 and nucleon- 

nucleon (pp, pp) channels with mO.18 is observed. The pp values 

are very close to the s&called Van Hove ratio 17: 

%i-1 - (4-4e1~2)-~ = 0.185 (251 

This ratio emerges from a model in which elastic scattering is 

obtained as the shadow scattering of inelastic reactions, crudely 

described by a.very simple model. The,model amounts to assuming 

a Gaussian inelastic overlap function Ginel(s,b) with a value 

of unity at b = 0. From the impact parameter inversion of the 
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elastic cross sections, these conditions were seen to be approxi 

imately satisfied by pp and f;p but the meson-nucleon interactions ' 

had Ginel(s,J) much less than 1. For all the channels, R is much 

less than l/2 --the black disk limit. 

I. Quark Model Predictions 

Simple quark counting would imply the fdllowing relations 

‘for the elastic amplitudes S (under the assumption that the 

exchanged particle is an W(3) singlet): 

s&4 = S(RP1 (a) (26) 

s (KP) 1 (2/3)S(pp) (b) 

Relations (a) and (b) are plotted in Pig. 32 for 

plAB = 50 GeV/c and pLAB = 175 GeV/c Lhere S(xp) 

is defined by43: 

2s(x,pl = 
I 
d5 cx+p: /1t + dE((x-p) /dL 

l/2 

} ,' (27) 

for x = s,K,p. Relation 26(b) is clearly not satisfied in all the 

t range, however 26(a) is consistent with being satisfied for 

ItI z 0.4 GeV2 but it is badly violated ,at small t values. This,~ c 

is consistent *tith the Chew-Rosensweig" model that claims that 

the Pomeronand the f are the same Reggeon and the SU(3) structure 

of this pole and its mixing with the f' pole changes as a function 

of t to make the Kp and zp amplitudes equal at high t. 

Lipkin4' has suggested that the Pomeron has two components.. 

one that satisfies relations (a) and (b) and a.second component 

satisfying 

S(xp, = 2SWP) = (4/9)S(PPl -' .* (28) . 

Combining'the two components, the following relation should be 

satisfied: 

8 QPI = (l/Z)S(kp) + cl/z)s(pp).~, __ 1291 
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This relation is very well satisfied for the optical points 

(t-0); however, as we can see in Fig. 32, it becomes worse' the 

higher the t value. 

IX. CONCLUSION 

The small and intermediate t.elastic scattering of II'< K’, 

p'and i on protons has been measured in the 50 to 175 GeV eh- 

ergy range. While the concept of diffraction scattering provides 

a convenient framework for understanding the results, the idea 

that the cross sections for all reactions would be clearly domin- 

ated by the Pomeron pole is 'apparently not realLied even at these 

h%gh energies. The similar shrinkage pattern of the K+p and pp 

diffraction peaks encourages the belief that the Pomeron does 

rule these channels but the energy independence of m*p and K-p, 

together with the slow antishrinkage of pp, indicates that the 

lower lying neutral meson trajectories are s&l1 important. The 

wossqver phenomenon between particle and antiparticle elastic 6 
scattering continues to be observed.. The position of the kaon 

crossover is relatively energy independent from a few GeV/c 

to 175 GeV/c, but the nucleon crossover may be moving towards 

somller t. The predictions of the Geomethc Scaling hypothesis 
. 

ssom to be satisfied-by zfp and Kfp across the who&e energy range 

but by pp only above 100 GeV/c. The impact parameter representa- 

tion demonstrates the differences between nucleon-nucieon tpp or GP) 

l cattering'and meson-nucleon scattering. 'The protons seem to be 

Very opaque with respect to nucleon projectiles but surprisingly 

transparent to mesaas. The contribution of the odd C-parity meson 

trajectories is sluma to be peripheral in b space. 
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Table 1: Hadron composition of the M6E beam flux at the 
I final focus 450~ from the 8" Be production target for 300 GeV/c 

incident protons. 

Particle 

Type 50 

r+ ,760 

x+ ,025 

P ,215 

.v- ,939 

X- ‘. 026 

E ,035 

X6E MOMENTUM (GeV/c)' 
70 lob 140 

,650 ,401 .210 

,032 ,031 ,026 

,318 i568 ,164’ 

,938 ,938 ,950 ,962 

,032 :041 ,041 ,034 

,030 ,021 ,009 ,004 

175 

. 
,106 

,016 

,878 

TABLE II 

Missing mass and momentum transfer resolution of 
the Single Arm SpectrometerGl6E beam lirie installation 
for elastic scattering at a momentum transfer of 0.1 Gey'. 

Incident 
Womenturn 

w=V/Cl 
uq 

(GeV 1 
H'I'? 
et+) 

SO 0.0048 0.131 

1:: 0.0056 0.0069 0.133 0.139 
140 0.0091 0.150 
175 0.0112 0.162 



. 

TABLE III 

Typical Contributions oft-dependent 
Corrections to Differential Cross Sections 

&d 
Particle 

70 1 + 

P ~- 

Ir+ 

175 .+ 

P 

K+ 

0.025 
0.400 
9.660 

0.026 
0.400 
0.630 
0.030 
0.400 
0.650 

Oi060 
0.370 
0.730 
0.060 
0;370 
0.730 
0.060 
0.370 
0.670 

Radiative 
Correction 

5 

1.01 
1.05 
1.07 
1.00 
1.00 
1.00 
1.00 
1.01 

1.02. 

1.02 
1.06 
1.08 

- 1.00 
1.00 

~1.00 
1.00 
1.01 
1.02 

Double 
coulomb Scattering Inelastic 

Correction Correction Background 
cc CD =I 

0.98 l.Od 0.99 
1.00 0.99 0.98 
l-r,9 .0.98 0.96 
0.96 1.00 0.99 
1.00 0.98 0.98 
1.00 0.94 0.96 
0.99 1.00 0.99 
1.00 1.00 0.98 
1.06 0.99 0.96 

1.00 1.00 0.99 
1.00 0.99 0.98 
1.00 .0.98 0.94 
1.00 1.00. 0.99 
1.00 0.98 0.98 
1.00 0.92 0.94 r 
1.00 1.00 0.99 
1.00 1.00 0.98 
1.00 0.99 0.95 

E - ii? re" 
I 

x Cr x c, ".CD x CI 



. 

Table IV: Tabulation of differential cross sections. Only 
statistical uncertainties are included. 

=+prr+p 

-t dddt 

GeV’) 00f&V9 

0.0375 20.7lSl.52 
0.075 14.27iO.19 
0.110 10.43iO.25 
0.130 9.00*0.19-' 
0.150 7.66W.24 
0.170 6.67kO.25 
0.2"0 5.00+0.13 
0.2A 3.4G0.07 
0.300 '2.37f0.07 
0.350 1.59t0.04 
0.400 .1.13~0.05 
0.450 0.7720.03 
0.500 0.6GO.03 
0.550 0.41+0.02 
0.600 0.27f0.02 
0.650 0.21*0.02 
0.700 0.22%.03 
0.750 0.10*0.01 
0.800 0.07~0.01 

m-P-=-p 

daldt 
(WCCV') 

0.0375 22.62*0.43 
0.075 15.4OtO.20 
0.110 ll.lSiO.24 
0.130 .9.31*0.16 
0.150 7.8EO.15 
0.170 6.72CO.17 
0.200 5.34t0.15 
0.250 3.3EO.08 
0.300 2.16t0.06 
0.350 1.51to.DS 
0.400 1.14to.os 
0.450 0.7620.04 
0.500 0.62?0.04 
0.550 0.38'0.02 
0.600 0.29iO.02 
0.650 0.20t0.02 
0.700 0.17*0.01 
0.750 0.12i0.01 

l . so 6aVfC 

K+F-+P 

-t 
e=V2) 

doldt 
wb/~V') 

0.0375 11.84kO.59 
0.075 9.7oto.39 
0.110 7.4.vo.47 
0.130 6.1WO.56 
0.150 5.38tO.45 
0.170 4.63k0.44 
0.200 4.35to.34 
0.250 2.78?0~.20 
0.300. L99iO.20 
0.350 1.22*0.11 
0.400 0.94to.11 
0.450 0.73f0.11 
0.500 0.44*0.07 
0.550 0.3(ro.o6 
0.600 0.21t0.07 
0.700 0.1eo.03 

1-H-P 

(& (H$%) 

0.0750 12.07&8 
0.110 8.77U.42 
0.130 7.07f0.45 
0.170 4.89zt0.67 
0.200 4.2tiO.32 
0.250 2:4&0.22 
0.300 1.93i0.21 
0.350 1.18?0.16 
0.400 0.63f0.12 
0.450 0.4210.19 
0:SOO 0.52tO.06 
0.600 0.26iO.05 
0.650 0.19*0.04 
0.750 0.1010.02 

-t 
(ccp’) 

dU/dt 

0.0375 51.48iO.74 
0.075 35.5420.32 
0.110 25.03tO.46 
0.130 20.26~0.44 
O.lSO 16.69~0.36 
0.: '0 13.6150.45 
.0.200 10.50t0.23 
0.250 6.39t0.16 
0.300 4.01t0.12 
0.350 2.48kO.08 
0.400 1.62kO.09 
0.450 1.04t0.05 
0.500 0.59*0.05 
0.550 0.42~0.05 

.0.650 0.17t0.01 
a.750 0.09f0.01 

G+P 

dC!/dt 
(& (nb/cev*) 

0.0375 60.34t1.03 
0.075 40.34'0.67 
0.110 26.3720.91 
0.130 20.17t.1.09 
0.150 17.3kO.87 
0.170 13.06?0.57 
0.200 8.2860.50 
0.250 4.95t0.25 
0.300 '2.79tO.18 
0.350 1.75eO.18 
0.400 0.96%0.09 
0.450 0.98?0.25 
0.500 0.4zf0.06 
0.550 .O.ZStb.OS 
0.600 0.21r0.04 
0.650 '0.13f0.03 
0.750 0.05~0.01 



.+m+p 

-t do/at 

(kV9 Qal/cev ‘1 

0:0375. 
0.075 
0.110 
0.130 
OJSO 
0.170 
0.200 
0.250 
0.3w 
0.350 
0.400 
0.450 

::Ei 
0.600 
0.650 
0.700 

20.57-0.57 
14.66t0.24 
10.59t0.23 
9.0~0.22 
7.6120.19 
6.5gO.20 
S.29t0.15 
3.58*0.12 
2.45tO.06 
1.7wo.04 
1.23*-0.03 
0.81*0.02 
0.6WO.02 
0.41iO.02 
0.29*0.02 
0.2eO.03 
0.16to.01 

r-m-p K-*-P i;tiP 

-t doldt -t da/dt -t doldt 

(GA Cmb/Ged) (Ged) IWlccb) (Cev9 eI3/c& 

0.0375 20.69eO.34 
0.075 24.67=00.23 
0.110 10.91*0.24 
0.130 9.3220.17 
o.lso 7.67to.17 
0.170 6.6520.16 
0.200 S.lb=O.lZ 
0.250. 3.4120.08 
0.300 2.35'0.07 
0.350 1.66to.05 
0.400 1.15'0.04 
0;450 0.7so.04 
0.500 0.52-0.04 

0.0375 ,15.27iO.44 
0.075 10.66*0:31 
0.110 8.19+0.41 
0.130 6.3EO.51 
0.W 6.52kO.33 
0.170 b.lWO.39 
0.200 4.05f0.22 
0.250 2.73.t0.22 
0.304 2.07iO.17 
0.350 1.23i0.13 
.O.bW 0~67-*0.17 
0.250 0.61iO.08 

0.0375 54.8btO.88 
0.075 34.4CkO.68 
o.llo 22.82kO.68 
0.130 18.02f0.84 
0.150 14.27tO.57 
0.170 ll.ll~O.61 
0.200 8.4920.43 
0.250 4.6020.28 
0.300 2.68t0.19 
0.3SO 1.38to.14 
0.400 0.79f0.12 
0.450 0.69t0.23 
0.500 0.36io.07 

b. 70 GeVlc 

K”px+P 

-t do/d! 

@eV'l aucev 9 

0.0375 13.20*0.53 
0.075 9.27fO.31 
0.110 7.34f0.30 
0.130 6.45t0.45 
0.150 5.3720.28 
0.170 4.69t0.51 
0.200 3.75t0.20 
0.2Sa 2.79t0.21 
0.300 1.9610.14 
0.350 1.27tO.10 
0.400 1.020.08 
0.450 0.57*0.07 
0.500 0.58to.05 
0.550 0.3EO.07 
0.600 0.38kO.08 
0.650 0.28iO.07 

PAP 
-t dalclt 

W?‘) (?fblcev=) 

0.0375' 52.04r1.08 
0.075 .34.42*0.42 
0.110 24.00%0.49 
0.130 19.5820.43 

., 0.350 1X9620.36 
0.170 13.2420.44 
0.200 10.26kO.31 
0.250 6.1sO.21 
0.300 3.06tO.10 
0.350 2.27iO.06 
0.400 1.4920.04 
0.450 0.95*0.04 
0.5L3 0.6OtO.03 
9.550 0.4420.03 
0.600 0.25+0.04 
0.650 0.16t0.02 
0.700 0.11*0.01 



=+P-+p 

3 dafdt 

bevv CMbm/Gd') 

0.110 10.35~0.53 
0.130 9.31k0.38 
0.150 7.80-+0.20 
0.170 6.43cO. 21 
0.200 4.89kO.16 
0.2% 3.43'0.11 
0.300 2.42t0.10 
0.325 1.66tO.07 
0.400 1.1l?0.05 
0.450 0.75*0.05 
0.500 0.6OtO.04 
0.550 0.14kO.04 
0.600 0.29to.02 
0.650 0.19io.01 
0.7w 0.19~0.02 
0.750 0.10~0.01 

_' 0.800 0.08?0.01 

W-m-P 

-t doldt 

(cc09 ofb/ccv9 

0.0375 21.62C0.44 
0.075 14.04?CL21 
0.110 10.4010.21 
0.130 8.88tO.24 
o.l!io 7.05?0.23 
0.170 6.2220.21 
0.200 5.1210.14 
0.250 3.32tO.09 

::iE 
2.25iO.09 
1.53XLO6 

0.400 1.12~O.b4 
0.4sn 0.73to.03 
0.500 0.54tO.02 
O.SfO 0.3820.03 
0.600 0.2320.02 
0.650 0.2oro.02 
0.7w 0.15t0.01 
0.750 0.11*.01 
0.800 0.08X1.01 

C. 100 CeVlc . 

r+pyn'p 

-t dafdt 

kd=) 

0.075 9.400.50 
0.310 8.93r0.98 
O.lW. 6.2520.53 

-0.170 4.37to.70 
0.200 3.78k0.42 * 
0.250 3.0620.20 
0.300 2.08tO.25 
0.350 1.74k0.26 
0.400 1.05*0.09 
0.500 0.68t0.08 
0.550 0.4920.08 
0.650 0.23t0.02 
-0.750 0.17io.03 

K-*-P 

-t daldt 

(-v’) W&V', 

0.0375 13.37*1:23 
0.075 10.07tO.62 
0.110. 9.830.82 
0.130 7.69tO.92 
0.150 4.89tO.56 
0.170 4.84io.57 
0.200 3.9sto.32 
0.250 2.8tiO.41 
0.300 1.94f0.18 
0.350 0.92f0.23 
0.400 0.90f0.11 
0.450 0.61t0.07 
0.500 0.51~0.08 
0.600 0.18*0.10 
0.650 0.2oio.02 
0.750 0.08iO.06 

PP+PP 

-t ds/dt 

tCev*, oIb/wf*) 

0.0375 48.07G.10 
0.075 28.92k1.61 
0.110 22.9420.68 
0.130 18.95tO.46 
0.150 15.42tO.24 
0.170 12.38r0.24 
0.200 9.3oto.19 
0.250 5.60k0.12 
0.300 3.40*0.10 
0.350 2.01t0.06 
0.100 1.31$0.05 
0.450 0.8920.04 
0.500 O.Fx~O.04 
0.550 0.31?O.C4 
0.600 0.21*0.01 
0.650 0.14*0.01 
0.700 0.07?0.02 
0.7w 0.05$0.01 

EP-CP 

-t - datdt 

(CCV') @b/w*) 

0.0375 62.21t3.80 
0.075 36.91'1.85 
0.110 24.01t1.89 
o.‘uo 18.94U.94 
0.150 15.56t1.10 
0.170 11.5821.38 
0.2w 10.38t0.98 
0.250 4.85~0.82 
0.300 2.93t0.29 
0.350 1.57to.39 
0.400 0.92kO.17 
0.450 0.59t0.12 
0.5w 0.30t0.10 
0.650 0.11*0.09 
0.750 0.1410.17 



fpn+P 
-t do/d t 

(CeV’) @b/w*) 

0.0375 21.37t0.54 
0.0750 14.84tO.29 
0.1100 10.53+0.40 
0.1300 9.11kO.23 
0.1500~ 8.03tO.37 
0.1700 6.7StO.19 
0.2000 5.19~0.13 
0.9500 3.4920.16 
O.JOW 2.35t0.08 
0.3500 1.67kO.06 
0.4000 l.ll*-0.03 
0.45w 0.78=0.03 
0.5000 0.55*0.02 
0.5500 0.43*0.03 
0.6000 0.27*0.02 
0.6SW 0.19kO.02 
0.7OoO 0.18tO.02 
0.7500 0.13t0.02 
0.8000 6.09t0.01 

T-V-P 
-t da/at 

(GeV') mb/GeV') 

0.0375 20.98*0.55 
0.0750 lb.88*0.23 
0.1100 10.41+0.23 
0.1300 '9.24=0.25 
0.1500 7i44tO.20 
0.1700 6.6820.18 
0.2000 5.1720.13 
0.2500 3.42*-0.14 
0.3000 2.34*0.08 
0.3500 1.4lfO.07 
0.4OW 1.15*0.06 
0.4500 0.7610.06 
o.swo 0.48t0.04 
0.5500 0.39*0.02 
0.6OoO 0.2720.03 
0.6500 0.16t0.02 
0.7000 0.15to.01 
0.7500 O.lBO.01 

d. lbO.~lv/e 

K+wK+p PPPP 

-t &/dt -t do/at 
(Go') OEdeV') (GSV’) *BICeV') 

0.0750 10.58+0.17 
O.llW 8.01tO.iO' 
0.1300 6.35*0.22 
o.i500 5.81f0.42 
0.1700 4.55t0.47 
0.2ow 4.07iO.16 
0.2500 2.6W0.22 
0.3000 1.88%0.06 
0.35w 1.27*0.06 
0.4OW 0.96f0.06 
0.45w 0.75?0.06 
O.WOO 0.52to.cl4 
0.55w 0.35~0.05 
0.6000 0.29tO.03 
0.6500 0.24*0.0: 
0.7WO o.lSto.02 

0.0375 
0.07M 
O.llW 
0.13w 
O.lSW 
0.1700 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.55w 
0.6000 
0.6500 
0.7oOO 
0.7500 
0.8OOo 

51.30i1.39 
32.93f0.62 
23.17t0.87 
17.22t0.45 
14.74tO.69 
11.63tO.34 
8.861'0.24 
5.SEO.26 
3.21fO.10 
2.mO.07 
1.28?0.03 
0.79io.03 
0.54t0.02 
;.35?0.02 
0.21t0.01 
0.13t0.01 
0.09t0.01 
0.06t0.01 
0.06=0.01 

K-prll-P 

-t du/dt 
(ccV9 Cxme-P) 

0.0750 11.03~0.45 
O.llW- 7.32tO.56 
o.l300 6.73ti7.26 
o.lsoo 5.66tO.28 
0.17w 4.91kO.55 
0.2000 4.O4iO.20 
0.2sw ~.81iOo.21 
0.3oW 1.a9to.14 
0.3500 1.08t0.24 
0.4oW 0.84t0.05 
0.45w 0.26tO.17 
0.5000 0.4EO.05 
0.6WO 0.2=0.05 

GP+P 
-t &/de 

(GM') ti/ccV') 

0.0750 36.06il.42 
O.llW 24.1222.02 
0.1300 17.54il.15 
0.1500 14.50f0.84 
0.1700 l3.48f1.58 
0.2ooo 8.520.04 
0.2500 5.03ko.54 
0.3500 1.61-*0.60 
0.4Ooo 1.26kO.17 
03700 0.35-*0.13 
0.6000 0.22*0.10 

. 



: 

*+P--+P 

-t da/at 

cud, mb/Gcvi) 

0.075 14.96w.16 
.o. 110 10.84*oo.17 
O.l30 9dCO.12 
030 7.71to.14 
0.170 6.S0.19 
0.200 s.o7*0.07 

z-z 3-5wo*04 
0:350 

2.3P0.04 
1.57RLO4 

t-z 
1.09f0.03 

0:soo 
0.7wo.03 
0.60*0.03 

0.550 O-39*0.02 
0.600 o.so.02 
.O.bM 0.2ot0.01 
0.700 0.1eo.Ol 
.0*7M O.ll~O.01 
0.800 0.w0.01 

T-p*r-p 

-t &/dt 

(Go%?) CMbblGed) 

0.0375 24.3W1.08 
0.075 15.6otO.29 
o.llo ll.28tO.38 
0.110 8.83iO.23 
O.lSO 7.37to.11 
0.170 6.lEO.15 
0.200 4.9WO.12 
0.250 3.29.tO.08 
0.300 2.19tO.03 
0.350 1.xs0.05 
0.400 1.0~0.03 
0.450 0.73rto.03 
0.500 o.s3io:o2 
0.550 0.38to.01 
0.600 0.25to.01 
0.650 0.19*-0.01 
0.700 0.1~0.01 
0.750 0.09~0.01 
0.800 0.08t0.01 

l . 175 Gevtc 

K+~+P 

-t dOldt 

cc&, oQaev9 

0.0375 14.54m.33 
0.075 10.65.tO.22 
0.110~ e.19*0.31 
0.130 6.68t0.24 
0.150 5.81t0.26 
0.170 4.58t0.38 . 
0.200 ~3.98iO.19 
0.250 2.69-0.06 
0.300 2.06to.09 
0.350 1.3PO.05 
0.400 0.95%0.@6 
0.450 0.65?0.06 
.o.sw 0.5620.0s 
0.559 0.4EO.03 
0.609 0.30?0.03 
0.650 0.19t0.03 
0.750 0.1ot0.01 

K-W-P 

-t Wdt 

( Gee CllblUf) 

0.075 ll.42+~.31 
0.110 7,65*0.59 
0.130 6.12iO.54 
0.750 6.14tO.17 
0.170 4.8cw.34 
0.200 3.68tO.12 
0.250 2.67f0.13 
0.300 2&X0.24 
0.3srl 1.2uo.06 
0.400 .0.83*0.10 
0.450 0.6OiO.06 
0.500 0.4020.10 

P.600 0.26iO.03 
0.650 0.09ro.09 
0.750 0.99t0.09 

. 

PP+PP 

-t dafdt 

wev9 cnb/cev’, 

0.075 33.1210.46 
0.110 24.22.tO.M 
0.150 15.06tO.47 
0.170 11.3at0.42 
0.200 8.54~0.36 
0.250 5.27t0.05 
0.3w 3.22iO.06 
0.350 2.07to.04 
0.400 1.24f0.03 
0.450 0.75f0.03 
o.sw 0.48t0.03 
0.550 0.28f0.02 
0.600 0.23r0.02 
0.650 0.l3to.01 
0*75g 0.06t0.ol 

bGP 

-t 

eiev’, 

_ Wdt 

blbfGev*) 

0.3375 46.60t5.68 
0.075 32.95t1.22 
0.110 25.06t2.39 
0.130 16.07tZ.l2 
0.150 13.99to.49 
0.170 9.8%1.19 
0.200 7.66t0.33 
0.250 b-0330.63 
0.350 1.6SiO.l.l 
0.400 1.01t0.3l 
0.450. 0.52io.33 
0.500 0.39kO.36 
0.600 0.16ko.07 



TableV Fits of cross sections frca Table IV 
The optical theorem predkion (OTP) is 

included as a data point with a 39 uncertainty. P(xz) is the 
probability of getting a chi-squared greater than the value 
observed. "degf" is the number of degrees of freedom. 

(G&C) 
T-p 50 

70 

loo 
'140 

175 

Odb?GeV') 
B (GO.2) 
uw- 1 P(XZ) 

degf 

29.5 31.3iO.b +:1Lo.1 3.1t0.2 -8.4520.06 0.09 16 
29.4 28.9t0.5 -9.SO.2 2.4iOo:b -8.14tO.06 0.90 11 
29.3 28.520.4 -9.20.1 7 4i0.2 -8.27tO.06 0.01 17 
29.6 23.2ko.5 -9.B0.2 2.4i0.3 -8.28'0.07' 0.22 16 
29.9 30250.5 -9.6tO.l 2.8i0.2 -8.46kO.06 0.00 17 

K-p 50 21.0 21.2iO.6 -8.9t0.3 2.5k0.6 -7.95t0.14 0.51 12 
70 21.0 20.9W.5 -8.8to.t 2.2il.l -7.9220.17 0.10 10 

loo 21.3 21.0i0.6 -9.W0.b 2.8ffi.7 -7.93iOo;14 0.28 14 

'lb0 a.6 21.4i0.6 -9.1Tto.3 +Oo.7 -8.07?00;13 0.53 11 
175 21.9 22.2i0.6 -9.2k0.3 2.8tO.3, -8.lliO.10 0.68 13 

5P 5n 98.3 99.2il.7 -12.620.2 3.3m.s -11.34f0.10 0.26 15 
70 94.0. 89.Sil.8 -12.820.3 3.4il.o -11.46?0.15 0.61 11 

100 90.3 91.322.5 -11.9*0.5 1.4%; -11.38*00.22 0.86 13 

140 88.9 89.3=2.6 -12.6f0.4 4.0f1.2 -10.97to.24 0.93 10 
175 88.4 ‘87.4f2.4 -13.1i0.b 4.7il.l -11.20%00.19 0.90 12 

.+p. SO 27.4 27.3id.4 -8.7fi.l' 1.8*0.2 -8.OliU.06 0.25 17 

70 27.4 27.390.5 -8.6M.l .1.9r0.3 ~--7.8620.06 0.79 IS 

G9 27.7 27.H0.7 -8.8iOo.2 2.OtOo.3 -8.w*o.o9 

140 28..0 28.8t0.S -9.010.1 2.2i0.2 .-8.llto.O6 

175 28.5 28.8t0.4 " -9.lSo.l '2.3to.2 -8.15~.05 

50 16.6 16.6ib.4 -7.6i0.3 l-MI.6 -7.l3~0.12 

70 17.2 17.3*0.4 -8.liO.3 2.2tO.6 -7.20%~11 

lw 18.3 18.OiO.S -7.8iOo.3 ~1.9tOS -7.0310.13 
li0 18.9 18.7*0.5 -8.3M.2 2.2iQ.4 -7.4410.09 

0.60 15 

0.80 17 , 

0.49 ., 16 

0.66 14 

0.61 $4 

0.62 11 

0.34 - ls 

175 19.7 19.7i0.3 -8.4i0.2 2.1kOo.3 -7.56iO.07 0.56 IS 

pp SO 76.2 75.9kO.9 -10.3io.l 1.5io.3 -9.67iO.06 0.99 14 

70 75.8 75.6il.l -10.6tO.2 1.8t0.3 -9.81tO.06 0.85 15 
100 75.9 73.6tl.7 -10.7t0.2 l.ML-3 -10.09t0.08 0.47 16 
140 76.3 75.7i1.3 -11.310.1 P.Sto.2 -10.25tO.06 0.53 17 

175 76.8. 76.Sil.? -11.3io.l 2.310.2 -10.32?0.05 0.99 13 
. 

. 



Teble VX: Error matrices for fits of Tible '1. 

au. 'JBB. and ucc arc the mean squared uncertainties of the best fit values 

A.. B. and C. respectively. Us, 'J=, ad Ox ate the Werage values of the 

quantities Al), AC, and BC, respectively. obey reflect the correlationa 

between tbe parameters introduced by the fittine procedure. 

t =A6 =BB =cc OAB =Ac % 
<GeVlC) (nb’/ceV’) (Gev-‘) (GeV“) QlmeV’l @h/W‘) (l/CCV‘) 

CP so 0.17 0.01 0.02 .5.04 0.05 5.02 

70 0.22 0.04 0.19 '-0.08 0.15 5.w 
100 O.lE 0.02 0.05 5.05 O-O? 5.03 

l4o 0.25 0.03 0.07 5.07 0.10 -Q.ob 
175 0.26 0.01 0.03 5.05 0.06 -0.02 

’ K-p so 0.37 0.11 0.36 -0.11 0.14 -0.18 
70 0.26 p.15 1.35 5.25 0.33 5.3s 

loo C.W o-i2 0.43 5.12 Oil7 5.21 

l4o 0.36 0.11 0.53 5.15 0.p 5.22 

175 0.32 0.06 0.27 5.12 ’ 0.18 5.12 

Pp so 2.83 0.05 0.24 5.31 0.52 -0.10 
70 3.06 0.11 0.94 -g-48 l.lS 5.29 

100 6.31 0.22 1.73 ‘5.75 1.46 5.56 
140 6.51 0.19 1.50 -0.75 1.38 5.46 

175 3.92 0.14 1-u 5.66 1.29 5.38 
+ 

. =P 50 0.16 0.02 .O.% -0.04 0.05 ,5.02 

70 0.29 0.02 0.07, 5.06 0.00 5.04 

100 0.50 0.03 0.07 -0.11 0.14 -0.0s 
140 0.24 0.02 0.06 5.06 0.08 5.Oi 

175 0.1s 0.01 0.03 ‘5.04 0.05 5.02 

K+P 50 0.17 0.09 0.36 5.09 0-U 5.17 

70 0.18 0.09’ O-b1 -0.10 0.16 -0.18 
loo 0.28 0.10 0.27 5.09 0.11 -0.15 
lM 0.22 0.05 0.16 5.08 0.11 5.OIl 
175 0.12 0.03 0.08 5.04 0.06 5.M 

PP sn 0.87 0.02 0.07 -0.11 0.11) 5.03 

70 1.29 0.02 0.09 5.15 0.25 5.01 

loo 2.78 0.03 0.09 5.27 0.38 5.05 

I40 1.72 0.02 0.06 5.16 0.22 5.03 

175 L74 0.02 0.06 -0.15 0.23 5.03 



mTAL ELASTIC CROSS SECTIONS CALCULATED FROM FIT OF TABLES V AND VI 

~(G&, 
50 

70 

-100 

140 
.I75 

50 
70' 

100 
?.40 
175 

50 
70 

100 
140 
x75 

50 
70 

.lOO 
-140 
175 

50 
70 

100 
140 
175 

50 
70 

100 
140 
175 

a .d 
(mb) 

,3.29 + -11 
3.35 + .12 
3.30 + -15 
T-39.2 .12 
3.37 +.-lo 

=tot 
bb) 

: 
=*1 - 

%t 

*“I 

x"P 

PP 

w-p 

K-P 

SP 

=ine1 
w4 

2.27 +..OS 
2.30 + -10 
2.47 + .11 
2.40 + .lO 
2.50 + -08 

7.61 + -29 
7.41% .31 
7.07 + .35 
7.00 2 .28 
7.06 + .28 

3i48 f .l’l 

3.39 2 -14 
,3.28 + .11 
3.36 2 -12 
3.38 + -11 

2.54 f -11 
2.53 + -12 
2.51: .i2 
2.52 + .12 
2.59 + .12 

8.20 2 .40 
7.30 + -47 
7.80 + .60 
7.52 + -60 
7.12 2 -52 

23.07 t‘.12 
23.16 + -12 
23.29 + -12 
23.43 + .12 
23.60 + -12 

18.03 + -09 
18.36 + .09 

- 18.85 f -09 
19.23 + -10 
19.59 + -10 

38.14 + -19 
38.24 + -19 
38.39 f. -19 
38.57 + -19 
38.76 + .19 

24.01% -12 
24.00 2 -12 
23.96 2 -12 
24.00 + -12 
24.17 + -12 

20.25 2 .lO 
20.30 + .lO 
20.41 t .lO 
2O.fO + .lO 

20.70 + .lO 

43.86 + -22 
43.00 + -22 
42.04 + -21 
41.80 + -21 
41.60 + -21 

19.78 + .16 
19.81 + -17 
19.9s 2 .19 
20.04 2 .17 
20.23 + .16 

15.76 2 .13 
16.06 2 .14 
16.38 + '5 
16.83 f -14 
17.09 + .13 

30.53 + .35 
30.83 + .37 
31.~32.2 -40 
31.57 2 .34 
31.70 + .34 

20.53 + -16 
20.61 + -19 
20.68 + .16 
20.64 + .ll 
20.79 + .17 

17.71 + -15 
17.77 + -16 
17.90 + .16 
17.98 5 -16 
18.11 + .16 

35.66 f -45 
35.70 + .52 
34.24 + .63 
34.28 2.63 
34 43 L -56 . 

0.142 + -005 
0.145 2 -005 
0.142 + -007 
0.145 + .005 
0.143 * -004 

0.126 + ,005 
0.125 + -005 
0.131 + -006 
0.125 + .ook 
0.128 + -004 

0.199 2 ,008 
0.194 2 .l?cs 
0.184 5 -009 

-0.182 + -007 
0.182 + -007 

0.145 + -005 
O-141-+ -006 
0.137 f -005 
0.140 + -005 
0.140 2 -005 

0.125 + -006 
0.125 + -006 
0.123 + -006 
O-123.2 -006 
0.125 + .006 

0.187 2 -009 
0.170 + -011 
0.185 + -014 
0.180 + -014 
0.171 +. -013 
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ThBLE IXb 

Slope of Effective Reqqe Trajectory at -t =0.2 GeV* 

i$'(-0.2) 
Reaction &ev-2, 

PP -.27 2 .06 

FP +.10 + -09 

K+P -.18 + -06 

K-P -107 + -07 

.'P -.09 + .05 

W-P -.02 + -05 

(1% systematic uncertainty Aded in quadrature to error* 
on B(-.2). This corresponds to the energy dependent part 
of the total systematic uncertainty of l+%.) 
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Table x1: Typical radii R+ and R- in impact parameter space 
for C - +l and C = -1 exchange amplitudes, as defined above. 
The uncertainties in R* are typically *2a except for R- at 
100 Gev/c cirow. 

P R+ R, 

@3V/d IF) “WI R/R+ 

4 4 1.00 1.09 1.09 
100 1.15 1.09 0.95 

4 1.33 1.18 0.89 
PP 100 1.33 1.13 1.06 



FIGURE CAPTICNS 

Pig. 1. Diagram &the first stage of the M6E beam showinq the 

horizontal plane optics configuration. The momentum. and 

f-stops are variable collimators. 

pig. 2. Ray trace diagrams for the N6E beam line. . The vertical 

trace (a) shows the ray starting at the origin with max- 

imal divergence and the ray starting aCthe extreme ob- 

$act displacement with zero divergence. In the horizon- 

tal trace (b) the same two rays ar6 shown along with a 

ray starting on the optical axis but with the maximum 

deviation. The beam envelope diagrams, (c) are computed 

using elliptical phase space and a schematic representa- 

tion of the magnetic components for.the bor+ontal plane 

is included, 

pig. 3. Diagram of the third staqgof the M6E beam, including 

the particle identification, tiajectiry and momentum 

tagging instrumentation. 

-Fig. 4. Say trace diagrams for the Single Arm Spectrometer. The 

vertical trace (a) shows the ray starting at the origin 

vith maximum divergence hnd the ray starting at the ex- 

trame object position wit.& zero divergence. In the hori- 

roatal trace (b), the saw two rays are shown along with 

a ray starting on the optical bris but with the maximuin 

aomantum deviation. The beam eavelope diagrams, (c), are 

CcDputed without phase spaca constraints and a schematic 



representation of the magnetic components for the hori- 

rental plane is included. 

Pig. 5. Diaqrsm of the Single Am Spectrometer instrumentation 

and horizontal plane optics configuration. 

Fig. 6. Variation of the scattering angle by magnetic deflection 

of the incident beam for the +# case in which the beam 

is deflected dok (a) and the -4 case in which the beam 

is'deflected up (b). A comparison offthe results for 

the two configurations was used to detect a relative 

‘augle offset, A, as indicated in (cl. 

Pig. 7. Curves of the O" spectrometer transmission through the 

aperture-defining jaw counters for three settings of the 

jaws as a function of the incident beam angle measured 

in field strength of the scattering angle magnet system. 

Me ratio of the FWHM for cuxves 1 and i. 0.306, compared 

with the ratio of the jaw openings, 0.305, is a check on 

the measurement< Curve 3 shows the physical aperture of 

the spectro&ter as defined by maqnet steel when the jaws 

are fully open. 

pig. 8. Setup'for small angie scattering. The unscattered beam 

(solid line) passes through the jaw counter and into the 

iron duspblock. The acceptance for ~scattered flux is 

determined by the edge of the scintillator jaw counter. 

Fiq. 9. Missing mass squared spectrum at +70 GeV/c for elastic 

and near elastic pion-proton scattering in the t-range 

indicated. A Guassian distribution has been drawn through 



the elastic yield to indicate the amount of inelastic 

background under the elastic peak. 

Fig. !O. Plots of fully corrected cross sections. Figures lOa, 

b,c,d,e, and f show n+p, K+p, pp. u-p, K-p, and pp re- 

spectively at all five momenta. In order to provide 

8eparation between the results for 50, 70, 100, 140, 

and 175 GeV/c, the cross secti ns have been scaled by 

lO,,OOO, 1,000, 100, 10, and 1, respectively. Only sta- 

tistical errors are plotted. The smooth curves are plots 

OE the parameterisations of Table V. The point at t=O 

is the optical theorem prediction given in Table V. 

Pig. 11. Comparison of the A-parsmeters from the quadratic ex- 

ponential fits without the optical point constraint to 

the optical theorem predictions. 

Fig., 12. Comparison of the results frcm this experiment with the 

results of Antipov s aJ., (Ref. 211, at 40 GeV/c. Plot- 

ted are the data po&nts of'this experiment divideh by the 

guadratic exponential fits of Ref. 21. 

'Fig. 13. Comparison of the results of this experiment to the re- 

sults of Derevchekov $&a., (Ref. 22) at SO GeV/c for 

s-p - r-p. The ratio of their data points to the fitted 

values' from Table V are plotted. 

Fig. 14. Comparison of pp elastic scattering results from this . 

axperintent to the results of the USA-USSR Collaboration 

at Fermilab (Ref. 23). The slope parameter B fromRef. 23 

has been used to calculate cross section values according 



. , 

gig. 15, 

. 

Fig. 16. 
. 

ag. II. 

Fig. 18. 

rig. 19. 

rig. 20. 

. 

to the formula do/dt = Ae. Bt where A is the optical 

theorem prediction. ,Tha ratio of.the measured cross 

section from this experiment to the cross sections 

calculated as described are plotted. 

Ratio of cross sections from Akerlof s al., ,(.Ref. 24) 

to fits of Table V. Absolute normalization differences 

have been removed before,computing these ratios. 

Energy dependence of B and C parameters from a few 

GeV to'the highest available 'energies. Circles repre- 

sent values taken from Ref. 28 and crc'ses are the val- 

ues obtained in this experiment. The variable s is 2mpTinc. 

Slope parameters at -t = 0.2 Ge $ as a function of 8. 

kegge Alpha parameter determined from the proton-proton 

elastic scattering results of r.his experiment. The 

straight line is the best fit to U&data, as given in 

equation 9. 

'4-p elastic cross eection,calculated from equation 12 

using.cross section values of Table IV. The results for 

50, 70; 100, 140, and 175 GeV/c are scales by 10,000, 1,000, 

100, 10 and 1 reopectively, to provide separation Between 

the curves. Tha values' at t-0 ace calculated from then 

optical points for pion and kaen scattering according to 

equation 11. 

8 dependence of slope parameter for '6-p elastic scattering 

at -t-o.2 Gev2. The a+h +rve has a slope of 0.2 GeV-', 

the vslre observed fn h scattering. 



Fig. 21. Elastic scattering cross sections divided by the quad- 

ratic exponential fits of Table V to the positive-beam 

data. The line shows the ratio of negative-beam fits 

to positive-beam fits. 

pig. 22. Crossover points as a function of incident momentum. 

Pig. 23. Total elastic cross sections for all six particles vs. a. 

Fig. 24. Ratio Of Oel/oTGT vs. 8. The circles represent values 

tW. from Ref. 29. The crosses are from Table VII. 

Fig. 25. Geometric scaling test for K+p and ip differential cross 

sections between 70 and 175 GeV/c. 

ii& 26. Gecubetric scaling test for.pp differential cross sections 

between 175 GeV/c and 290 and-1490 GeV/c equ>valent energy 

from ISR (Ref.39). Open circles are the 175 GeV/c re- 

cults of this experiment. Crosses and diamonds are the 

290 and 1480 GeV/c results scaled as ~follows: t values are 

multiplied by,uTGT(2901/uTGT(1791 and.~aTOT~1480~/c~T~17S~, 

respectively; cross section-s are multiplied by c2TGT(1751/ 

02,(290! and 02TGTU75)/02TGT~1480), respectively. 

Fig. 27. 1st he1 (s,b) for the six reactions at 50 GeV/c (circles). 

aad at 175 GeV/c (crosses). .The errors shown include the 

statistical errors, the uncertainty due to the real part 

and to large t contributions (0.75 5 1L1, i 1.4 .GeV2). 

Pig. 28. Im h,,(s,b-O) as a function of s for a’p, Kip, and pip. 

The errors: are calculated as for Pig. 27. 

Pig. 29. Ginel(s,b-0) as a function of 8 for i*p, +p, and p*p- 

The errors are oaloulated as for Fig. 27. The TSR and 

-- 



24 GeV/c points in pp are taken from Ref. 41. 

Pig. 30. The SM.5 interaction distances for (a) the total and (b) 

the inelastic cross sections as a function of s for all 

six reactions. The errors are calculated-as for Fig. 27. 

These values are appropriate for'comparing the different 

reactions even though they may all.increase by as much ' 

as 12% if the integration region is extended to b-2 fermi. 

pig. 31. Aa~(b)' for (a) Kp and (b) pp at p = 50 GeV/c (circles) 

and at p = 175 GeV/c (crosses), 

Pig. 32. Quark model ratios at (a) p'= 50 GeV/c and (b) p a 175 GeV/c. 

The different ratios are (circl+) 3/2S(KpI/S(pp?. (cros- 

ses) S(Kp)/S(np), and (triangles) S(np)/(1/2 S(Kp) + 1/3S(pp)). 
c 
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